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Abstract
The mineral β-tricalcium phosphate (β-TCP), Ca3(PO4)2, is currently of interest in the
immobilisation of nuclear wastes, along with various biomedical applications. Several
substituted forms of β-tricalcium phosphate have been produced with the general for-
mula Ca9M
3+
x (PO4) 6+x, where M
3+ is a trivalent metal ion, with Ga, Al and La being the
main focus of study here, and x generally falling between 0 and 1. The aim of this study
has been to investigate the substitution mechanisms of ions into β-tricalcium phosphate
along with the effects which substitution has on its structure. This has mainly been
carried out by nuclear magnetic resonance on many of the available nuclei, along with
x-ray and neutron diffraction of the materials produced.
It has been shown that substituted β-tricalcium phosphate can be readily produced,
although with additional phases present in some samples, generally upon high levels of
substitution, and especially in the Al case. Rietveld refinements of x-ray and neutron
diffraction patterns show the β-TCP structure remains intact throughout the samples
produced, with Ga thought to substitute onto the Ca(5) site, La onto the Ca(3) site
and Al onto both the Ca(4) and Ca(5) sites. However, values determined for the Ca
site occupancies have in some cases deviated from those expected and often have large
errors associated with them. Part of this is due to problems with the peak shape used
with the x-ray diffraction data, but it is also thought that disorder may be present in
the substituted samples, causing unexpected values in the refinements. Total correlation
functions have also been produced from the neutron diffraction data and again show
the β-TCP structure to remain relatively unchanged in most cases with 6-coordinated
Al and Ga present in samples containing those ions. The addition of Al does, however,
change the structure considerably, possibly through distortions of the sites involved due
to the smaller size of the Al ions.
31P NMR has been performed on all samples and appears extremely sensitive to
changes in the Ca site occupancies. Fitting has been performed on spectra from the
Ga system, with fits produced consistent with substitution onto the Ca(5) site. The
method of substitution for the Al and La systems has proven to be too complex for
fitting of the 31P spectra to be practical in these cases. Natural abundance 43Ca NMR
has been performed on some of the samples and, although having poor signal to noise
ratios, the spectra produced can be fitted according to the method of site substitution
predicted. 27Al NMR on the Al containing samples has produced interesting spectra,
with an additional feature being present in addition to the expected 6-coordinated reso-
nance. This feature lies within the range associated with AlO6 or Al(OP)5 environments
and is thought to be due to distortion of one of the Ca sites that the Al is substituting
into, probably the smaller Ca(4) site.
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Chapter 1
Introduction
1.1 Overview
Since the start of the nuclear age, a growing problem has developed in the form of
long term storage of radioactive waste. These wastes can come from a diverse number
of sources such as power, medical, military and may be in many different forms, the
combination of which poses a major problem in safe, long term storage. For short term
storage these wastes are processed in a variety of ways which almost all lead to a liquid
waste for which many precautions need to be taken [1]. Immobilisation of this liquid
waste is the goal for long term storage with the main candidates for the immobilisation
being glasses, ceramics or cements with the objective of providing a solid, durable and
stable material. Once immobilised, the waste can then be stored for the rest of its active
life in underground repositories without worry of escape into the biosphere.
Immobilisation is usually accomplished by either dissolution of the waste into a host
lattice or encapsulation within an inert matrix. Numerous materials have been found to
deal with the diverse variety of wastes, including borosilicate glasses for some high
level wastes. There are however many other complex types of waste for which there
is no current storage solution. Existing methods, when employed with certain waste
streams, result in problems such as less durable wasteforms which can leach hazardous
materials into the water table. This means new methods of storage need to be found.
There is a need for radically different storage solutions to accommodate these mate-
rials depending on the constituents of the waste in question. Reprocessing of plutonium
can create a chlorine-rich waste for which extra care needs to be taken in its treatment
due to the possibility of chlorine leaching out of the final wasteform [2]. Some suc-
cess has been achieved by storage of these chlorine-rich wastes in calcium phosphate
based ceramics, particularly chlorapatite (Ca5Cl(PO4)3) and spodiosite (Ca2Cl(PO4))
[3]. These are both minerals found naturally in the earth and are known to be stable
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over long geological time periods. Studies have been carried out by AWE using chlor-
apatite to store a simulated waste stream by calcining the waste with CaHPO4. This
resulted in phases identified by x-ray powder diffraction as chloride substituted fluor-
apatite (Ca5(PO4)3F0.9Cl0.1) and β-tricalcium phosphate (Ca3(PO4)2) [3].
1.2 Aim of the work
The aim of this study is to investigate the substitution mechanisms of ions into β-
tricalcium phosphate (β-TCP) and the effects on its structure. In order to achieve this,
samples of β-TCP have been produced containing a range of different atoms substi-
tuting onto the Ca sites. By looking at β-TCP doped with just one other element, the
substitution mechanisms can more easily be determined and extended to other cases
first by substitution of two complementary ions through to the behaviour of complex
waste streams immobilised in β-TCP.
Nuclear magnetic resonance will be used to identify changes in the local structure of
the material. 43Ca NMR can be used to identify changes in the Ca environments directly.
It is however a difficult nucleus to look at, partly due to the low natural abundance of
43Ca. Therefore 31P NMR will be used to measure changes in the Ca sites indirectly
through the changes in P environments. In other systems, with substitution of NMR
active nuclei, such as Al, additional experiments can be performed on these nuclei to
complement the other techniques.
X-ray diffraction will also be used, initially to check phase purity of samples pro-
duced and also in order to perform Rietveld refinement of the data to determine site
occupancies. This will be backed up with neutron diffraction studies which will both
aid the refinement and also provide total scattering data which can be used to give a
better insight into the atomic environments in the material.
1.3 Structure of thesis
This thesis contains nine chapters which are outlined here to give a summary of the
presented work.
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Chapter 2 gives an overview of the field of nuclear waste immobilisation, encapsu-
lation and storage and addresses the problems and possible solutions in the immobili-
sation of waste with a high chlorine content, particularly with respect to that produced
from the reprocessing of plutonium at AWE.
Chapter 3 describes the general structure of β-tricalcium phosphate along with pre-
vious work in the area and possible substitution mechanisms into the structure including
how these may be represented through experiments.
Chapter 4 details the theory and practice of the experimental techniques used. These
include x-ray and neutron diffraction, Rietveld refinement and nuclear magnetic reso-
nance.
Chapters 5 to 7 present the preparation of Ga, Al and La substituted β-tricalcium
phosphate along with results and discussion of data obtained.
Chapter 8 deals with substitution of other cations into β-tricalcium phosphate and
their relationship with the general understanding of the system.
Chapter 9 provides discussion and general conclusions for all the systems presented
in the study along with future work that may be possible to aid in the understanding of
β-tricalcium phosphate.
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Nuclear wastes and immobilisation
2.1 Introduction
Nuclear waste is produced from a wide range of sources and can be present in many
different forms, the combination of which can produce wastes with potentially very
different compositions and, as such, many precautions need to be taken in the identifi-
cation and disposal of these wastes. The combination of different radionuclides present,
along with the actual composition of the waste, means that disposal methods generally
have to be tailored to a specific waste. Half-lives of the main long-lived radionuclides,
which are often present in wastes, are shown in table 2-1. Although wide ranging, the
wastes can however be broadly categorised into three different groups; these being low,
intermediate and high level wastes.
2.1.1 High level wastes
High level wastes (HLW), as the name suggests, are the most dangerous types of waste,
generally consisting of isotopes separated from the processing of spent fuel rods. Due
Table 2-1 Half lives of the main long-lived radionuclides [4].
Radionuclide Half-life (y) Radionuclide Half-life (y)
79Se 7 × 104 237Np 2.14 × 106
90Sr 28 238Pu 87.7
93Zr 1.5 × 106 239Pu 2.41 × 104
99Tc 2.1 × 105 240Pu 6569
107Pd 6.5 × 106 241Pu 14.4
126Sn 105 242Pu 3.7 × 105
129I 1.57 × 107 241Am 432.2
135Cs 2 × 106 243Am 7380
137Cs 30 244Cm 18.1
151Sm 93 245Cm 8500
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to their high level of activity these wastes can build up large amounts of heat for many
years, if not decades, and care needs to be taken to dissipate this heat until the stability
of the waste reaches an acceptable level for long term disposal. Initially these are usu-
ally processed into liquid wastes which are then stored in large inert tanks, with active
cooling, until they can be processed into a suitable form where they can be left to cool
in the air until safe for long term immobilisation and disposal.
2.1.2 Intermediate level wastes
Intermediate level wastes (ILW) come from a variety of sources and can be composed
of many different isotopes depending on the nature and history of the waste and are all
to some degree dangerously radioactive. They are however relatively stable in contrast
to HLW, having a fairly predictable behaviour with respect to the decay chains of the
nuclei present. These wastes do not need the cooling required with HLW and can, when
methods are more fully developed, be immediately disposed of. They can often contain
materials with very long half-lives (up to millennia or more) and therefore need to be
disposed of adequately over these long time periods. These wastes generally consist
of materials which have been in close proximity to nuclear reactors, such as shielding
removed from power stations or as some kind of by-product from the reprocessing or
treatment of nuclear fuel or HLW.
2.1.3 Low level wastes
Low level wastes (LLW) generally consist of materials which may have come into con-
tact with active materials, such as clothing, paper, tools, and as such usually have a low
level of radioactivity and relatively short half-lives. They do however contain enough
radioactivity to make disposal with ordinary landfill wastes potentially hazardous. The
classification of LLW is such that the level of activity for the waste should not exceed
4 GBq/t of alpha activity or 12 GBq/t for beta and gamma activity [5]. The danger of
LLW is not in its initial radioactivity but in its potential to transit into the environment
and build up into large amounts. Careful disposal and monitoring in environmentally
isolated areas can ensure that LLW does not pose a problem, with another method of
disposal for some types of LLW being deep ocean dumping where the dilution of the
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waste brings the activity to acceptable levels. LLW in the UK is disposed of at the
Drigg repository near Sellafield where it is compacted into steel containers before be-
ing placed in engineered concrete vaults.
2.2 Storage methods of nuclear wastes
There are four main methods used in the storage of high and intermediate level wastes,
these being immobilisation as a glass, ceramic or glass-ceramic wasteform or alterna-
tively encapsulation [1].
Vitrification of wastes is a well established process used in a number of countries
across the world. In this method the waste is usually dissolved into a glass host which
must therefore be compatible with the waste and able to withstand the conditions arising
from the materials present, be they radioactive or chemically volatile. One of the main
problems of vitrification is thermal stability. Due to most glasses having a relatively
low glass transition temperature (the temperature above which the solid can be thought
of as being a supercooled liquid), care must be taken so that the wasteform does not
undergo excessive heating such that its structure could be compromised. The majority
of glasses used are borosilicate and phosphate based glasses, with the exact composition
dependent on the composition of the waste and often modified to reduce the melting
temperature in an effort to reduce costs associated with immobilisation.
Immobilisation as a ceramic is not currently a widely used technique due to the more
complex production route and the generally higher temperatures needed. A benefit
of ceramics however is their improved thermal stability and chemical durability over
glasses. Production of these wasteforms would be done either by simple grinding and
sintering of the constituent materials or via wet chemistry methods. Wet chemistry
techniques mean that temperatures required for formation can be reduced but they are
generally much more complex than simple powder methods and can involve the use of
highly volatile or dangerous compounds. There are many different families of ceramics
which have been studied, each favoured for a specific kind of waste but generally found
naturally in the earth and known for their compositional variance and stability over
geological time periods making them ideal for nuclear waste hosts.
Glass-ceramic wasteforms provide the improved durability of ceramics whilst re-
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ducing the possibility of additional phases being present in the final wasteform and
the additional handling precautions necessary. Glass-ceramics are produced by the con-
trolled crystallisation of a glass, meaning they can be made much more easily than using
normal ceramic preparation methods. A disadvantage of this is that it is effectively a
two stage process, resulting in an increase in the processing facilities needed and the
costs associated with them.
Encapsulation simply consists of encapsulating the waste within an inert matrix.
This can be done using a range of materials including glasses, polymers, ceramics and
cements. Encapsulation can be performed on the raw waste itself but is also used to
encapsulate the already immobilised waste. This is usually to produce a monolithic
wasteform from ceramic powders or glass beads and is an effective method of reducing
the surface area of the waste and provides a more easily manageable wasteform along
with an additional barrier of containment.
Once immobilised into a solid wasteform the most popular proposed method for
long term storage is currently to seal the wasteform in steel cans which are then stored
deep underground in geologically stable locations. Once stored underground, these cans
are further encased, in a material such as concrete, to restrict transport of radioactive
elements and, when full, the entire compound is backfilled with a suitable material for
the surroundings, which may be concrete or clay, for the foreseeable future.
2.3 Immobilisation of chlorine containing wastes
Most of the current accepted storage methods have been designed for the immobilisa-
tion and disposal of waste originating from nuclear reactors. There are however other
wastes where these methods may not be suitable. At the Atomic Weapons Establish-
ment (AWE) pyrochemical reprocessing of plutonium produces very different kinds of
waste containing both actinide and chloride ions [2]. The chloride in this waste is highly
reactive with some of the current immobilisation materials, such as borosilicate glass,
with both the actinide and chloride ions also suffering from low solubility in most ma-
terials, potentially causing breakdown of these materials and resulting in transport of
the waste components into the environment.
This pyrochemical reprocessing produces four different ILW streams, one of which
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Table 2-2 Compositions of non-radioactive simulated waste streams [3].
Component Waste Stream Type
(mass %) I II III IV
Oxides
HfO2 - 20.7 62.2 11.4
Ga2O3 - 28.0 9.4 10.5
Al2O3 - 9.8 1.7 2.2
Sm2O3 - 4.6 11.7 1.0
MgO - 6.3 - 10.1
FeO - 1.5 - 0.7
Ta2O5 - 1.3 - 0.7
NiO - 1.3 - 0.7
ZnO - - - 35.7
SiO2 - - - 0.8
B2O3 - - - 0.8
Halides
CaCl2 80.0 - - -
SmCl3 20.0 - - -
CaF2 - 10.4 5.0 8.5
KCl - 16.3 10.0 16.9
contains a high chloride concentration (Type I) [3]. The other three are currently in-
tended to undergo further aqueous reprocessing in order to convert the bulk of the waste
into low level wastes, leaving three actinide and chloride containing intermediate level
waste streams (Types II-IV) for immobilisation [6]. Therefore materials need to be
found that can accommodate the high actinide and chloride content present along with
satisfying the necessary prerequisites for an immobilisation host. Work has been done
based on simulated waste streams consisting of non-radioactive analogues of the active
atoms that may be present as shown in Table 2-2, where Hf is a surrogate for Pu 4+ and
Sm is a surrogate for Am 3+ and Pu 3+.
One group of materials proposed for the safe immobilisation of waste with a high
chlorine content are calcium phosphates. They can be found naturally in many different
forms, a number of which are known to accommodate a range of ions within their struc-
ture. Studies have been undertaken using a variety of waste compositions after being
sintered with CaHPO4. Depending on starting composition and elements involved, sub-
stituted forms of the minerals apatite (Ca5(Cl,F,OH)(PO4)3), spodiosite (Ca2Cl(PO4))
and whitlockite (Ca3(PO4)2) are seen to be produced along with some unreacted ox-
ides depending on the substitution level and elements present. The target phases for the
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immobilisation of actinides and halides are whitlockite and apatite respectively.
Once sintered with the CaHPO4, the majority of the waste-stream should be chem-
ically immobilised within its ceramic host. There is however still a problem since the
resulting wasteform will be a polycrystalline powder which could be easily dispersed.
The solution to this is to encapsulate this new wasteform within a glass matrix. The
chosen glass must also fulfil several requirements: it must have a relatively low melting
point to keep processing costs down, it must ideally be inert with respect to the waste-
form components and it too must be proven to be stable and durable over long time
periods and under potential radiation damage. Sodium aluminophosphate glasses used
for HLW immobilisation in the USSR fulfil these criteria and are being investigated
for this purpose.In addition, they have increased chlorine solubility when compared to
borosilicate glasses. They do however appear to react with the wasteform constituents
producing another variable to be accounted for.
2.4 β-tricalcium phosphate as an immobilisation host
β-tricalcium phosphate, Ca3(PO4)2, (β-TCP) is naturally present in the earth in a form
known as whitlockite. This mineral contains Fe, Mg, H and traces of other impurities
substituting for calcium within the structure and whitlockite has been seen to accom-
modate many different ions into its structure. It is because of this ability and the fact
that whitlockite is known to be a durable mineral, stable over long time periods that
β-TCP is also being considered as a host for immobilising a range of ions.
If β-TCP is to be used as a storage mechanism for the waste then there are a few
problems which need to be addressed. Firstly it needs to be shown that the β-TCP
structure can accommodate the different constituent ions present in the waste. It has
been reported in the literature that β-TCP can be made with a variety of ions substitut-
ing onto the calcium sites and so this looks very promising. Secondly, if the different
ions involved in the waste are able to be accommodated into the β-TCP structure, the
maximum substitution level of the different atoms will need to be determined as any
non-reacted waste is a potential hazard. Finally, much work needs to be done on op-
timising the level of substitution whilst taking into account possible variations in the
composition of the waste stream to ensure all waste will be reacted.
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The final stages of this will need to be done with actual waste or simulated waste
streams which are representative of the actual waste. The use of actual waste streams
is of course impractical and could be potentially hazardous in the early stages of the
investigation and so some thought needs to be given about the starting point. One
solution is to use surrogates for the radioactive elements, mimicking certain properties
such as valency or ionic radius. For instance, a good surrogate for americium in certain
circumstances could be samarium, since Sm 3+ has the same valence and similar ionic
radius to Am 3+. One element present in moderate quantities in the waste is gallium.
Since gallium is not toxic or radioactive, Ga 3+ would be a good candidate for use in
initial experiments.
10
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β-tricalcium phosphate and cation
substitution
3.1 Introduction
β-tricalcium phosphate (β-TCP, Ca3(PO4)2) is a naturally occurring mineral usually
found in the form of whitlockite, which contains Fe, Mg, H and other impurities sub-
stituting for Ca in the structure. Whitlockite is also present in samples brought back
from lunar missions along with other calcium phosphate species [7], further indicating
its prevalence of formation. It has also been of high interest for biomedical applications
[8, 9], specifically in the field of bone repair due to the high biocompatibility of calcium
phosphates.
3.2 Structure of β-tricalcium phosphate
β-tricalcium phosphate crystallises in the rhombohedral space group R3c with unit cell
parameters a/b ≈ 10.41 Å and c ≈ 37.39 Å. The crystal structure of β-tricalcium phos-
phate comprises a hexagonal network of A and B columns with each A column sur-
rounded by 6 B columns (Fig. 3-1). The B columns consist of two phosphorus sites,
P(2) and P(3), arranged in PO4 tetrahedra, along with three calcium sites, Ca(1,2,3).
The A columns contain a repeating structure of one PO4 group, P(1), along with two
calcium sites, Ca(4) and Ca(5). The structure is further complicated however by partial
occupancy of the Ca(4) site, effectively doubling the c-axis.
Of the calcium sites, Ca(1) is 7 co-ordinated, Ca(2) and Ca(3) are 8 co-ordinated,
with the Ca(2) site having two slightly longer bonds and Ca(4) and Ca(5) are 6 co-
ordinated. Ca-O bond lengths are shown in table 3-1 where it can be seen that the Ca(4)
site is quite unusual in that it has three short bonds and three very long bonds, possibly
11
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Table 3-1 Ca–O bond lengths for the different Ca sites in β-TCP.
length
(Å)
length
(Å)
length
(Å)
Ca(1) O(3) 2.5117 Ca(2) O(1) 2.4077 Ca(3) O(1) 2.6877
O(4) 2.4706 O(2) 2.4167 O(2) 2.6004
O(4) 2.4517 O(3) 2.3741 O(3) 2.3542
O(5) 2.3883 O(5) 2.7020 O(5) 2.3926
O(6) 2.3274 O(6) 2.7438 O(6) 2.5450
O(8) 2.4184 O(7) 2.4254 O(8) 2.6227
O(9) 2.4634 O(7) 2.4230 O(8) 2.5676
O(9) 2.4331 O(10) 2.5739
Average 2.4331 Average 2.4811 Average 2.5430
Ca(4) O(1) 2.3518 Ca(5) O(4) 2.2101
O(1) 2.3518 O(4) 2.2101
O(1) 2.3518 O(4) 2.2101
O(9) 3.1191 O(7) 2.3116
O(9) 3.1191 O(7) 2.3116
O(9) 3.1191 O(7) 2.3116
Average 2.8255 Average 2.2609
explaining the half occupancy of this site.
Tricalcium phosphate can be observed in three different phases, the β phase being
the stable room-temperature phase. At 1120 ◦C there is a phase transition into the mono-
clinic α phase which, if rapidly cooled, is retained at room temperature. At 1470 ◦C an α¯
phase is formed which is stable up until its melting point at 1800 ◦C, although unstable
at room temperature [10].
3.3 Possible substitution mechanisms
The actual method for substitution of ions into β-TCP is not yet fully understood, how-
ever various models have been suggested including one by Yoshida et al. [11] based
on charge balancing (Fig. 3-1). In this model the ions are substituted for the Ca on the
Ca(4) and Ca(5) sites depending on the charge on the substituent ions. Monovalent ions
go onto the Ca(4) sites, substituting equally for both the Ca ions and filling vacancies
present. Divalent ions substitute directly for the Ca ions since they have equal charge.
The case is slightly more complicated for trivalent ions where the model suggests that
two trivalent ions and one vacancy substitute for one Ca(4) and two Ca(5) ions to pre-
12
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Figure 3-1 Structure of β-tricalcium phosphate including Yoshida model
of substitution mechanisms for monovalent, divalent and trivalent ions [11].
serve charge neutrality.
Further studies by Golubev and Lazoryak [12, 13] suggest that substitution can take
place on any of the Ca sites and is partially dependent on the radius of the substituent
ions due to the effective sizes of the different Ca sites within β-TCP. For trivalent ions,
the Ca will still be replaced as 3 Ca 2+ → 2 R 3+ +  where R 3+ is a trivalent cation and
 denotes a vacancy. The ions involved having radii comparable to Ca 2+ occupy the
Ca(1), Ca(2) and Ca(3) positions. Ions with radii larger than Ca 2+ may predominantly
occupy the larger Ca(3) polyhedra whereas slightly smaller ions may predominantly
substitute into the smaller Ca(1) and Ca(2) polyhedra. However, ions with atomic radii
much smaller than that of Ca are thought to substitute into the significantly smaller
Ca(4) and Ca(5) sites, with a preference generally for the Ca(5) site due to the distorted
environment of the Ca(4) sites. The metal–oxygen distances for the normal oxidation
states and site substitution preferences for a range of elements are shown in table 3-2.
3.4 Relevance of NMR
Nuclear magnetic resonance (NMR) is an experimental technique used to probe the
local environments of specific atoms within a material with each chemical environ-
13
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Table 3-2 Metal–oxygen distances and site preferences for different ele-
ments in β-TCP.
Element Mn+–O distance (Å) [14] Site preference
Al 1.651 Ca(5) [15]
Cu 1.679 Ca(5) [16], Ca(4/5) [17]
Mg 1.693 Ca(5) [13], Ca(4/5) [18, 19]
Zn 1.704 Ca(4/5) [18]
Cr 1.724 Ca(5) [15]
Ga 1.73 Ca(5) [15]
Fe 1.759 Ca(5) [20]
Mn 1.76 Ca(5) [13]
Na 1.8 Ca(4) [21]
Sc 1.849 Ca(5) [15]
In 1.902 Ca(5) [15, 22]
Ca 1.967
Sb 1.973 Ca(2) [15]
Eu 2.076 Ca(1/2/3) [12, 13]
La 2.172 Ca(3) [12]
ment producing a distinct resonance, further details can be found in section 4.1. There
exist NMR ’active’ isotopes for most elements although low natural abundance and re-
ceptivity can make some elements difficult or impossible to observe without isotopic
enrichment or exotic NMR techniques being used.
3.4.1 43Ca nuclear magnetic resonance
Since substitution is thought to take place solely on the Ca sites, 43Ca NMR would be
an obvious choice as a technique to use in order to determine which Ca sites are af-
fected. 43Ca, however, is a very NMR insensitive nucleus with a low natural abundance
(0.135 %), requiring very high fields to fully resolve the sites.
Interpreting 43Ca NMR spectra should be fairly straightforward, with each calcium
site corresponding to one resonance in the spectrum. Relative occupancies of each
calcium site within the structure can simply be determined by the relative intensities
of the peaks resulting from each site. The relative intensities expected for phase-pure
β-TCP can be found in table 3-3.
Work done by Gervais et al. [23] suggests a link between Ca–O bond length and
chemical shift of the associated Ca sites in 43Ca NMR. They suggest a roughly lin-
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Table 3-3 Fractional intensity of 43Ca sites in β-TCP.
Site Ca(1) Ca(2) Ca(3) Ca(4) Ca(5)
Fractional Intensity 28.6% 28.6% 28.6% 4.8% 9.5%
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Figure 3-2 Correlation between 43Ca isotropic chemical shifts and mean
Ca–O bond distance in a series of calcium inorganic species [23].
ear variation of increasingly negative chemical shift with Ca–O distance at a rate of
−190 ppm Å−1 for phosphates as shown in figure 3-2. By looking at the average Ca–O
bond lengths for each Ca site (table 3-1), the order of the peaks in the 43Ca spectra may
be determined.
3.4.2 31P nuclear magnetic resonance
Substitution on the Ca sites will also affect the local environments of the different P
sites, therefore 31P NMR is another tool which may be used to measure changes in the
different Ca sites indirectly. The three P sites each have different coordination with the
Ca sites, especially the Ca(4) and Ca(5) sites which may be the most interesting accord-
ing to the Yoshida model. Each P site has several Ca(1,2,3) next-nearest neighbours
and, in addition, P(1) has one Ca(4) next-nearest neighbour, P(2) has both a Ca(4) and a
Ca(5) next-nearest neighbours and P(3) has just an additional Ca(5) next-nearest neigh-
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Figure 3-3 Second co-ordination spheres of P sites in β-tricalcium phos-
phate [24].
bour (Fig. 3-3). This difference of coordination makes 31P NMR somewhat sensitive
to changes in the P coordination spheres due to substitution onto the Ca(4) and Ca(5)
sites.
The three P sites have relative occupancies 1:3:3 which would suggest that three
resonances should be present with the same corresponding ratio of intensities. This
is further complicated however by the partial occupancy of the Ca(4) site. Since P(3)
has no Ca(4) next-nearest neighbour, the resonance corresponding to those sites will be
unaffected by the state of the Ca(4) site. Both the P(1) and P(2) sites have Ca(4) next-
nearest neighbours and, as such, the resonances from these sites should be split into two
equally intense resonances due to the half occupancy of the Ca(4) site. This splitting
will give rise to a ratio of intensities of the different resonances of 1:1:3:3:6 (Table 3-4).
As substitution occurs in the material, it will cause further splitting of the resonances
due to partial occupation of the Ca sites by other ions along with a possible change in
the number of vacancies. A splitting of the composition of one of the Ca sites will
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Table 3-4 Relative intensities of the different 31P NMR resonances as given
by Jakeman et al. [18].
Site: P(1) P(2) P(3)
Intensity: 1/2 1/2 3/2 3/2 3
Relative intensity (%): 7 7 21.5 21.5 43
P(1) P(2) P(3)
Ca(5)
Ca
Ca R
R
Ca(5)
Ca
Ca R
R
Ca(4)
Ca □
Ca □
□
Ca(4)
Ca □
Ca □
□
Initial
splitting
Effect of R3+
substitution
Substitution
limit
3 sites
5 sites
8 sites
3 sites
Figure 3-4 Possible effect on P sites of R 3+ substitution into Ca(5) sites.
result in a doubling of the multiplicity of the number of distinct P environments of the
corresponding P next-nearest neighbours. A schematic of the possible influence of R 3+
substitution into Ca(5) sites is shown in figure 3-4, resulting in a maximum of 8 distinct
resonances. However, upon reaching the substitution limit, the Ca(5) site will be fully
occupied by the substituent ion and the Ca(4) site will be vacant, therefore no splitting
will take place and there should be a single peak resulting from each of the three P sites.
If it is assumed that substitution takes place solely on the Ca(5) site with additional
vacancies appearing on the Ca(4) site for charge balancing, i.e. 3 Ca 2+ → 2 R 3+ +
, then there should be a linear change in the site occupancies with substitution. For
substitution of the form Ca9Rx(PO4) 6+x, the substitution limit would be at x=1 where
the Ca(4) site is fully vacant and the Ca(5) site contains only R 3+ ions. This means that
on the Ca(4) site, as x increases from 0 → 1, the Ca occupancy will go from 0.5 → 0
and the proportion of vacancies will go from 0.5 → 1. For the Ca(5) site it will be
1→ 0 for Ca occupancy and 0→ 1 for R occupancy.
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Table 3-5 Distinct P environments present along with relative intensities
of their 31P NMR resonances under R 3+ substitution.
P environment Relative intensity
P(1) Ca(4) 0.14(1/2 − x/2)
P(1) (4) 0.14(1/2 + x/2)
P(2) Ca(4) Ca(5) 0.43(1/2 − x/2)(1 − x)
P(2) Ca(4) R(5) 0.43(1/2 − x/2)x
P(2) (4) Ca(5) 0.43(1/2 + x/2)(1 − x)
P(2) (4) R(5) 0.43(1/2 + x/2)x
P(3) Ca(5) 0.43(1 − x)
P(3) R(5) 0.43x
To relate this to 31P NMR spectra, the different P environments present need to be
determined along with their relative proportions. Since, in this case, substitution is
only affecting the Ca(4) and Ca(5) sites then it is only changes in these that need to be
investigated. For example, on the P(1) site there is only a Ca(4) next-nearest neighbour
which means there will be two distinct environments, one from Ca on the site and one
from a vacant site. The fraction of these environments will change with substitution as
shown above.
Quantitative values for the relative intensities of each site may be obtained quite
simply by multiplying the fractional occupancy of the P(n) site by the fractional occu-
pancies of the neighbouring Ca sites for each permutation on each P site. The distinct
P environments present, and the equations showing how the relative intensities of 31P
NMR peaks depend on composition in this model, are shown in table 3-5 with a graph-
ical representation shown in figure 3-5.
If the trivalent ions also substituted onto the Ca(4) sites, then this would cause a
further increase in the number of P environments and hence also the number of peaks
present in 31P NMR spectra. By increasing the number of distinct environments asso-
ciated with the Ca(4) site the maximum number of peaks present in the spectra will
increase to 11.
Determining the impact which substitution has on 31P NMR spectra can become
much more complicated under substitution onto the Ca(1,2,3) sites. This is due to each
P atom having multiple Ca(1,2,3) next-nearest neighbours, each giving slightly different
18
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Figure 3-5 Predicted relative intensities of 31P NMR resonances under R 3+
substitution onto Ca(5) site.
P environments which, in the case of substitution solely onto the Ca(3) site, would give
rise to a total of 13 different resonances, some of which could potentially be very similar
in frequency and could make resolving them using 31P NMR very difficult.
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4.1 Nuclear magnetic resonance
Nuclear magnetic resonance (NMR) is a technique which exploits the spin of nuclei
and as such can be used as a local probe of structure. Nuclei with even mass and charge
number have zero nuclear spin and thus cannot be observed via NMR. For all other
nuclei their spin is a function of the spin quantum number of the nucleus, I, which can
take integer or half-integer values. The signals obtained using NMR come from the fact
that, in a magnetic field, the different spin states of a nucleus will be split into different
energy levels (Zeeman splitting), with the energy required to induce transitions between
these levels generally requiring photons in the radio-frequency range. The reason NMR
is so sensitive to atomic environments is due to the surrounding atoms creating different
effective fields around the nuclei via electronic shielding, causing the energy levels to
change.
For nuclei with non zero spin, the nuclear magnetic moment, µ, is given by
µ = γ~I (4-1)
where γ is the gyromagnetic ratio for that nucleus, ~ is the reduced Planck constant,
equal to approximately 1.055 × 10−34 J s and I is the total spin angular momentum. Be-
cause angular momentum is quantised, there can be only 2I + 1 different values that the
z-component of the spin angular momentum can take and therefore Iz = m~ where m
takes the values +I, (+I−1), through to −I. This leads to a z-component of the magnetic
moment of
µz = γIz = γm~ (4-2)
The simplest case to observe is for spin 1/2 nuclei, such as 31P. In the absence of
an external magnetic field, and at thermal equilibrium, the nuclei will have 2I + 1 = 2
degenerate energy levels which will therefore both contain the same number of nuclei.
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Figure 4-1 Zeeman splitting for spin 5/2 nuclei [25].
If the nuclei are now subject to an external magnetic field, B, there will be an energy
associated with the interaction of the nuclear magnetic moments with the field, given
by
E = −µ.B = −γ~I.B (4-3)
If the field is in the z-direction the energy can be shown to be
E = −µzB0 = −γm~B0 (4-4)
This implies an energy difference γ~B0 between the +1/2 and −1/2 spin states and
gives rise to a population difference between the two states. For quadrupolar nuclei
(those with spin I > 1/2), the number of spin states, and hence the number of energy
levels available, is increased as 2I + 1 (Fig. 4-1). Along with the additional splitting to
produce a greater number of accessible energy levels, the electric quadrupole moment
of quadrupolar nuclei causes a further shift in the energy levels of the spin states along
with a broadening and shift of spectra obtained.
In a magnetic field, the magnetic moments of the nuclei will precess about the mag-
netic field direction at an angular frequency characteristic of a given nucleus known as
the Larmor frequency,ω0, where
ω0 = γ
∣∣∣B∣∣∣ (4-5)
Due to the random orientation of magnetic moments they will appear to form cones
about the magnetic field axis giving rise to a net magnetisation M aligned with the
direction of the magnetic field B.
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If a plane polarised r.f. pulse at the Larmor frequency is now applied to the nuclei
in the x-direction, the nuclei will interact with this energy and their spins will rotate
around the y-axis resulting in a change in the direction of the net magnetic moment
within the material. The net magnetisation will now be seen to rotate about the z-axis at
the Larmor frequency, with the angle from the z-axis, known as the tip angle, increasing
with increasing pulse duration.
A weak r.f. signal will now be detectable from the nuclei as they precess about
a different axis. The characteristics of this signal can be used to give details of the
environments of the individual nuclei present in the sample. Over time, thermal motion
will remove the coherence of the precessing nuclei and the signal will decay to an
extent proportional to exp(−t/T2) where T2 is known as the transverse (or spin-spin)
relaxation time. Also, since the system is in an excited state, the net magnetic moment
of the system will gradually decay back to the equilibrium state. This will occur at a
rate proportional to exp(−t/T1), where T1 is known as the longitudinal (or spin-lattice)
relaxation time and therefore the net magnetisation along the z-axis can be given by
Mz = M0
(
1 − exp
(−t
T1
))
(4-6)
In pulsed NMR, a short r.f. pulse at the Larmor frequency is directed at the sample
and the response detected. This response is observed as a free induction decay (FID),
the signal in time space, consisting of a range of frequencies present in sample around
the Larmor frequency and decaying proportional to T2. In order to extract the frequency
data out of this, the FID is Fourier transformed producing the NMR spectrum.
There are many interactions which can affect the local field of nuclei, the main ones
being; chemical shift, quadrupole coupling, dipole-dipole coupling and J-coupling [26].
Chemical shift is dependent on the electronic environment produced by the neighbour-
ing atoms and the magnetic field they create, meaning crystallographically similar sites
within a material should, in most cases, give the same chemical shift. Quadrupole cou-
pling involves the electric quadrupole moment, eQ, of a nucleus interacting with the
electric field gradient, V, produced by surrounding electrons. The interaction can be
described by the quadrupole coupling constant, CQ, where CQ = e2qQ/h and eq = Vzz
[27]. Another important parameter is η, which describes the asymmetry of the electric
field gradient and is given by η = (Vyy − Vxx)/Vzz. Quadrupole coupling is only ob-
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served for quadrupolar (I > 1/2) nuclei and only those in asymmetric environments.
Dipole-dipole coupling is an effect produced by the through-space interaction of dipole
moments of neighbouring atoms. J-coupling is due to an indirect coupling of dipole
moments through bonding electrons in the material.
In many cases, the most important interaction is chemical shift as it is an easy way
of observing the local environment of the atoms, where the shifts observed can often be
related to specific configurations of atoms. Since the absolute chemical shift will change
with different magnetic fields, a reference material is used to standardise the chemical
shift values obtained. The reference material usually has a high concentration of the
target nucleus and is either in solution or highly symmetric, leading to well-resolved,
narrow lines. Chemical shift, δ, is usually calculated as the shift in the observed fre-
quency from that of a reference material according to the formula
δ =
νsample − νre f erence
νre f erence
(4-7)
Most interactions which affect NMR spectra, such as electronic shielding and dipole-
dipole interactions are dependent on crystallite orientation. In a liquid the timescale on
which the atoms move around is small compared to that of most of the interactions af-
fecting the signal, therefore all orientations are effectively observed at once and as such
this orientational dependence disappears.
This is obviously not the case when looking at polycrystalline powders which most
solid state NMR entails. Here the distribution of crystallite orientations causes a broad-
ening of the peaks in the observed spectra. The orientational dependence of some of
the interactions (dipole-dipole, 1st order quadrupole) is of the form 3 cos2 θ−1, where θ
is the angle between the vector describing these interactions and the external field. By
exploiting this dependence via a technique known as magic angle spinning (MAS), this
angular dependence can be removed. The basis of MAS is to spin the rotor containing
the sample about an axis oriented at the ’magic angle’ of 54.74◦ to the direction of the
applied field. This is the angle which satisfies 3 cos2 θ − 1 = 0.
Two important parameters when performing NMR experiments are the duration of
the applied pulse(s), or the pulse length, and the delay between pulse sequences, re-
ferred to here as the pulse delay. The pulse length determines to what extent the net
magnetic moment is rotated about the z-axis, with a linear behaviour of tip angle with
increasing pulse length. The pulse delay is the time between consecutive experiments,
23
Chapter 4. Experimental theory and practice
the period in which the spins are allowed to relax back to their equilibrium state. This
must be of sufficient duration, otherwise, if environments with differing longitudinal
relaxation times are present, the observed spectra may not be fully representative.
A technique which can be used where spectra are expected to contain broad features
is a spin echo. This involves applying a 180◦ pulse once the initial FID has died away
which causes the spins to flip, meaning the dephased spins will begin to rephase giving
what appears to be back to back FIDs. The main advantage of using a spin echo is being
able to access the short time components of the FID, corresponding to broad features
in the Fourier transformed spectra, usually lost for experimental reasons. However, by
taking the measurement much further into the FID the magnetisation will have decayed
and the signal obtained will be less intense. In order to perform a spin echo, T1 needs
to be much greater than T2 so that the ’echoes’ can be fully measured. Spin echoes can
also be more difficult to perform as the 90◦/180◦ pulse lengths need to be accurately
determined otherwise additional dephasing may be observed.
Further background on NMR theory can be found in specialised books on the sub-
ject, such as those by Mackenzie and Smith [25], Levitt [26] and Duer [28].
4.2 X-ray diffraction
X-ray diffraction uses x-rays as a probe of the bulk structure of materials via construc-
tive interference of diffracted waves. In order for constructive interference to occur,
Bragg’s law,
2d sin θ = nλ (4-8)
must be satisfied where d is the interplanar spacing of atoms in the sample, θ is the
angle of the x-rays incident on the scattering planes, λ is the wavelength of the incident
x-rays and n is an integer related to the order of the interference (usually 1) (Fig. 4-2).
By measuring over a range of angles a diffraction pattern can be built up from which
structural details can be extracted from the position and shape of the Bragg reflections.
In order to obtain the diffraction pattern, coherent scattering needs to be observed.
The positions of the peaks in the diffraction patterns produced are governed by the
structure of the material and will mainly depend on the size of the unit cell along with
the allowed Bragg reflections based on the symmetry of the unit cell. Intensities are
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Figure 4-2 Schematic of x-ray scattering illustrating terms used in Bragg’s
law.
partially dependent on these conditions but also strongly on the atoms involved in the
x-ray scattering with scattering from heavier elements being greater than that from light
elements due to the increased number of electrons present. Intensities can also be af-
fected if there is a preferred orientation of the sample in the holder. The peak shape of
diffraction patterns can also give additional information about the system being exam-
ined such as thermal motion of atoms and size/strain defects.
Small imperfections within a crystal lattice will cause multiple scattering events to
take place resulting in extinction of the x-rays at longer path lengths. This extinction
effect may result in a reduction in intensity of higher order reflections due to the longer
path lengths. If a large amount of extinction is present for a material it will also mean
that the resulting pattern will have a larger contribution from the surface of the material.
If vacancies or defects are present in a material, as is the case in β-TCP, then the
diffraction pattern may show additional reflections not normally allowed for the struc-
ture. If the defects are randomly distributed then little indication of their presence will
be detected, only a slight change in intensity of the reflections involving that site. How-
ever, if ordering occurs then they may be more easily detected with periodic defects
resulting in a change in the intensity of the reflections involving that site.
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4.3 Neutron diffraction
In its simplest form neutron diffraction can be seen as an analogue to x-ray diffraction
using neutrons instead of x-rays for the scattering. The interactions however differ
due to the nature of the incident rays; x-rays will scatter from electrons, meaning the
intensity of the diffracted beam increases with atomic number, whereas neutrons scatter
from nuclei, the extent of which is largely independent of atomic number with different
isotopes often having drastically different, and even negative, scattering factors. It is this
difference in scattering that makes x-ray and neutron diffraction very complementary
techniques.
One advantage of neutron over x-ray diffraction is that there is no angular depen-
dence of the intensity of the diffracted beam, whereas x-rays scatter with an intensity
which decreases with incident angle. A major drawback however is that some isotopes
will absorb neutrons, making detection of these isotopes more difficult and producing
radioactive samples. In most cases the radionuclides produced are short-lived with only
a brief period required before they cool down to normal levels.
Thermal neutrons are the most widely used in scattering experiments, where the
temperature of the moderator used in the production of the neutrons is in the order of
room temperature, with ∼290 K corresponding to an energy of 25 meV [29]. This gives
a velocity of ∼2.20 km s−1 and therefore a de Broglie wavelength of ∼1.8 Å (Eq. 4-9).
This wavelength is comparable to interatomic distances, making thermal neutrons an
effective source for neutron diffraction.
λ =
h
mnv
(4-9)
In a neutron diffraction experiment the quantity measured is the differential cross
section, dσdΩ , a measure of the scattering per solid angle, which gives details of the total
scattering from the sample. This is made up of two components, a self scattering term,
IS (Q), and a distinct scattering term, i(Q). It is this distinct scattering that is of most
interest in an experiment. The differential cross section is given by [30]
dσ
dΩ
= I(Q) = IS (Q) + i(Q) (4-10)
The self scattering term can be approximately calculated from details of the sam-
ple (elements involved, number of each atom, temperature) and of the beamline and
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spectrometer (flight path, detector efficiency, flux). The self scattering term can then be
subtracted from the measured total scattering to give the distinct scattering.
This reciprocal space diffraction pattern can be converted into real space by Fourier
transforming the distinct scattering. This neutron correlation function, T (r), is given by
[30]
T (r) = T 0(r) +
2
pi
∫ ∞
0
Qi(Q)M(Q)sin(rQ)dQ (4-11)
where T 0(r) is the average density contribution to the correlation function and M(Q) is a
modification function used to reduce termination ripples due to truncation of the integral
at Qmax. The total correlation function is dependent on the properties and fractions of
the elements involved and is made up of a weighted sum of partial correlation functions,
tll′ [31]
T (r) =
∑
l
∑
l′
clblbl′tll′(r) (4-12)
where bl and bl′ are the coherent scattering lengths for elements l and l′ and cl is the
atomic fraction of element l. From the total correlation function information can be
extracted about the local structure of a material. Each peak will be due to a correlation
between a specific pair of atoms of separation r as shown in Figure 4-3. From this the
coordination number, nll′ , can also be calculated according to [32]
nll′ =
rll′All′
(2 − δll′)clblbl′
(4-13)
where All′ is the area of the peak in the total correlation function at position rll′ and δll′
is the Kronecker delta.
Two main neutron sources are used in experiments; either a nuclear reactor or spal-
lation using accelerated particles. Neutron experiments in this work were carried out at
the accelerator-based source at ISIS, specifically on the GEM diffractometer.
At ISIS a linear accelerator is used to accelerate H – ions up to 70 MeV before being
injected into a synchrotron. As the H – ions enter the synchrotron they pass through thin
alumina foil which strips away the electrons leaving a beam of protons. These protons
are then accelerated in the synchrotron up to 800 MeV before being extracted. This
process is repeated 50 times per second and delivers a 200 µA current to the targets.
The proton beam then collides with a tungsten target, producing neutrons via spal-
lation. Moderators, such as water, liquid methane or liquid hydrogen are then used to
slow down the fast neutrons produced to the required speeds.
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Figure 4-3 A simulated neutron correlation function, T (r), together with
a fragment of an A2X3 network, showing how the peaks in the correlation
function arise from the interatomic distances [31].
The GEneral Materials (GEM) diffractometer at ISIS receives ∼9 meV thermal neu-
trons from a liquid methane moderator at 110 K. The detectors cover a wide range in
scattering angles (1.2◦ to 171.4◦) and the long flight path gives a relatively high reso-
lution in reciprocal space and therefore also in real space. The diffractometer detector
array consists of 8 banks covering the different angular ranges, the detector layout of
GEM is shown in Figure 4-4.
4.4 Rietveld refinement
In some cases simply indexing the diffraction peaks and relating them to their space
group and lattice parameters is all the information that may be required from powder
diffraction data. If however there is a need to determine the full structure of a material,
the technique of Rietveld refinement may be used. This method was pioneered in the
late 1960s by Hugo Rietveld [33, 34] and in simple terms involves using parameters
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Figure 4-4 Layout of the GEM diffractometer [30].
of a postulated structure along with experimental conditions, including the optics used,
to produce a simulated diffraction pattern. From this simulated pattern, parameters are
varied in order to obtain a better fit to the observed data. This is done through iterative
displacement of the parameters in order to reduce the residual, usually quantified by
least-squares techniques, with the aim of reaching the global minimum of the system.
In Rietveld refinement, the diffraction pattern is split into i increments and least-
squares refinement is performed in order to minimise the residual, S y [35]
S y =
∑
i
wi(yoi − yci)2 (4-14)
where wi is a weighting factor equal to 1/yoi, yoi is the observed intensity at the ith step
and yci is the calculated intensity at the ith step. yci is calculated from the structure and
experimental parameters according to the equation [35]
yci = s
∑
K
LK |FK |2 φ(2θi − 2θK)PKA + ybi (4-15)
where s is the scale factor, K represents the Miller indices, h, k, l, for a Bragg reflection,
LK contains the Lorentz polarization and multiplicity factors, φ is the reflection profile
function, PK is the preferred orientation function, A is an absorption factor, FK is the
structure factor for the Kth Bragg reflection and ybi is the background intensity at the ith
step.
29
Chapter 4. Experimental theory and practice
Table 4-1 Goodness of fit equations for Rietveld refinement, taken from
Topas Academic technical reference [36].
Name Function
R-pattern Rp =
√∑ |yoi − yci|∑
yoi
R-weighted pattern Rwp =
√∑
wi(yoi − yci)2∑
wiy2oi
R-expected Rexp =
√∑
(M − P)∑
wiy2oi
Goodness of fit GOF = χ2 =
Rwp
Rexp
=
√∑
wi(y2oi − y2ci)
(M − P)
R-Bragg RB =
∑ |Iok − Ick|∑
Iok
Least-squares refinement leads to a set of equations which involve derivatives of the
calculated intensities, yci, with respect to each variable. These equations can then be
solved by inversion of the normal matrix Mi j [35], where
Mi j = −
∑
i
2wi
[
(yoi − yci) ∂
2yci
∂x j∂xk
−
(
∂yci
∂x j
) (
∂yci
∂xk
)]
(4-16)
where x j and xk are the adjustable parameters. Therefore, for a refinement involving m
refined parameters, an m by m matrix must be inverted. Since the residual is non-linear,
an iterative approach must be taken to find the solution where the shifts, ∆xk, are
∆xk =
∑
M−1jk
∂S y
∂xk
(4-17)
In order to quantify how well the pattern has been modelled, goodness of fit param-
eters are often stated. Definitions of common parameters are shown in Table 4-1, where
the previously undefined parameter M is the number of steps in the pattern, P is the
number of refined parameters and Iok and Ick are the observed and calculated intensities
of the kth Bragg reflection.
R-pattern and R-weighted pattern are measures of how well the calculated pattern
fits the data, based on the residual at each step. R-expected is the value for the theoreti-
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cally best fit that can be produced from the model and data, determined by the number
of steps in the data and number of parameters refined. Goodness of fit is the ratio of the
R-weighted profile and R-expected and gives a measure of how well the data have been
fit, with a goodness of fit of 1 meaning the data have been perfectly modelled and no
more information can be extracted. R-Bragg relates only to the goodness of fit of the
Bragg reflections in the structure being modelled, meaning any second phases present
will be disregarded.
4.5 Experimental details
4.5.1 Sample preparation
Samples were generally produced according to the formula Ca9Rx(PO4) 6+x with x =
0, 0.2, 0.4, 0.6, 0.8, 1.0. Precursors were ground and then calcined in air at 1050 ◦C
for 4 h. The resulting powders were then reground and calcined further times to ensure
phase purity. Further details for each system can be found in the relevant chapters.
4.5.2 Nuclear magnetic resonance
Acquisition details for each nucleus are shown below. After acquisition, spectra were
processed using Bruker TopSpin 2.1 software [37], which involved Fourier transform-
ing the FIDs before phasing and baseline correction were performed. Any fitting was
performed using the fitting package within TopSpin, with spectra generally fitted to the
Gaussian/Lorentzian peakshape provided.
4.5.2.1 23Na NMR (I = 3/2)
23Na MAS-NMR spectra were obtained using a 500 MHz Bruker Avance III NMR
spectrometer and 11.75 T cryomagnet, corresponding to a resonant frequency for 23Na
of 132.29 MHz. 4 mm rotors were used operating at approximately 10 kHz MAS fre-
quency. A single pulse program was used with a 10 s pulse delay and 4 µs pulse length,
with spectra referenced to solid NaCl at 7.2 ppm.
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4.5.2.2 27Al NMR (I = 5/2)
27Al MAS-NMR spectra were obtained using a 500 MHz Bruker Avance III NMR spec-
trometer and 11.75 T cryomagnet, corresponding to a resonant frequency for 27Al of
130.31 MHz. 4 mm rotors were used operating at approximately 10 kHz MAS fre-
quency. A single pulse program was used with a 1 s pulse delay and 0.5 µs pulse length,
with spectra referenced to YAG at 0.7 ppm.
4.5.2.3 31P NMR (I = 1/2)
31P MAS-NMR spectra were mainly obtained using a 500 MHz Bruker Avance III NMR
spectrometer and 11.75 T cryomagnet, corresponding to a resonant frequency for 31P
of 202.45 MHz. 4 mm rotors were used operating at approximately 10 kHz MAS fre-
quency. A single pulse program was used with a 60 s pulse delay and 2 µs pulse length,
with spectra referenced to ammonium dihydrogen phosphate at 0.9 ppm.
31P MAS-NMR spectra were also obtained using a 360 MHz Chemagnetics CMX
360 NMR spectrometer and 8.5 T cryomagnet, corresponding to a resonant frequency
for 31P of 145.77 MHz. 6.5 mm rotors were used operating at approximately 11 kHz
MAS frequency. A single pulse program was used with a 30 s pulse delay and 2 µs
pulse length, with spectra referenced to ammonium dihydrogen phosphate at 0.9 ppm.
4.5.2.4 43Ca NMR (I = 7/2)
43Ca MAS-NMR spectra were obtained using an 850 MHz Bruker Avance III NMR
spectrometer and 20 T cryomagnet, corresponding to a resonant frequency for 43Ca of
57.2 MHz. 7 mm rotors were used operating at approximately 5 kHz MAS frequency.
Signal enhancement was achieved using the rotor-assisted population-transfer (RAPT)
sequence, where polarization associated with satellite transitions is transferred to the
central transition [38]. Spectra were acquired using a 1.5 µs pulse length and a 5 s or 8 s
pulse delay, with spectra referenced to 2M aq. CaCl2 solution at 0 ppm.
43Ca MAS-NMR spectra were also obtained using a 600 MHz Varian NMR spec-
trometer and 14.1 T cryomagnet, corresponding to a resonant frequency for 43Ca of
40.4 MHz. 9.5 mm rotors were used operating at approximately 3.5 kHz MAS fre-
quency. Spectra were acquired using a 6 µs pulse length and 5 s pulse delay, with spectra
referenced to 2M aq. CaCl2 solution at 0 ppm.
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Additional 43Ca MAS-NMR spectra were obtained by Zhehong Gan at the national
high magnetic field laboratory (NHMFL), Tallahassee, using a 820 MHz Bruker Avance
II+ NMR spectrometer and 19.3 T cryomagnet, corresponding to a resonant frequency
for 43Ca of 56.1 MHz. 7 mm rotors were used operating at approximately 5 kHz MAS
frequency. Signal enhancement was achieved using RAPT. Spectra were acquired using
a 3 µs pulse length and 8 s pulse delay, with spectra referenced to 2M aq. CaCl2 solution
at 0 ppm.
4.5.2.5 71Ga NMR (I = 3/2)
71Ga MAS-NMR spectra were obtained by Zhehong Gan at NHMFL, using a 820 MHz
Bruker Avance II+ NMR spectrometer and 19.3 T cryomagnet, corresponding to a res-
onant frequency for 71Ga of 254.11 MHz. 1.8 mm rotors were used operating at approx-
imately 27 kHz MAS frequency. Spectra were acquired using a 0.25 s pulse delay and
1 µs pulse length, with spectra referenced to Ga(NO4) solution at 0 ppm.
4.5.3 X-ray diffraction
Unless stated otherwise, all x-ray diffraction measurements were taken using a PANa-
lytical X’Pert Pro MPD with focussed CuKα1 radiation from a source at 45 kV–40 mA.
A PANalytical PIXcel detector in Bragg-Brentano geometry was used with 255 chan-
nels covering an angular range of 3.347◦. Runs were performed at room temperature
over an angular range within the region 7–85◦ using a 0.02◦ step size.
Some measurements were alternatively taken on a Bruker D5005 diffractometer
with a 12 mm footprint on the sample from a Cu Kα source at 40 kV–30 mA. Runs
were performed at room temperature over an angular range within the region 10–80◦
using a 0.02◦ step size.
Once obtained, x-ray diffraction patterns were analysed using X’Pert HighScore
Plus [39] and the ICDD PDF-4+ database [40] to determine the phases present. Rietveld
refinement was also performed on some of the XRD data using Topas Academic [36],
where the Thompson Cox Hastings (TCHZ) modified pseudo-Voigt peak type [41] and
a simple axial model were used to describe the diffraction peaks.
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4.5.4 Neutron diffraction
Neutron diffraction data were measured using the GEM diffractometer at the ISIS neu-
tron source at the Rutherford Appleton Laboratory, UK. Samples were contained in
either 5 mm or 8.3 mm diameter vanadium cans with 25 µm thick walls. Samples were
measured until ∼800 µA h of data had been acquired. Measurements of the empty
diffractometer, empty vanadium cans and a vanadium rod were also taken to use in
the processing of data.
Data were then processed using the GUDRUN program [42] in order to clean up,
normalise and correct the data. Corrections need to be made based on the instrument
parameters and incident beam along with subtracting the contributions to the measured
cross section from the cans and spectrometer.
OpenGENIE [43] was then used to calculate the self scattering for the samples and
obtain the distinct scattering. Banks were then merged and an approximation made to
the low Q regions before being Fourier transformed to give total correlation functions.
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5.1 Sample preparation and characterisation
Samples were prepared by Dr. Shirley Fong at AWE by grinding, under acetone, stoi-
chiometric amounts of CaH(PO4), CaCO3 and Ga2O3 according to the general formula
Ca9Gax(PO4) 6+x with samples of x=0, 0.2, 0.4, 0.6, 0.8 and 1.0 being produced. The
resulting mixture was then heated at a rate of 10 ◦C/min up to 1050 ◦C and held for 4 h.
This was then repeated a further two times to help ensure phase purity.
5.2 X-ray diffraction
X-ray diffraction patterns were collected for the entire composition range and are shown
in Figure 5-1. The x-ray diffraction pattern taken of the ’pure’ β-TCP sample appears
to be consistent with the structure published by Yashima et al. [24], although there
is some shift in the pattern observed. There is also a small amount of second phase
present, thought to be hydroxyapatite (Ca5(PO4)3(OH)). The x=1.0 sample also ap-
pears to have a small amount of additional phases present, identified as GaPO4 and
β-Ca2P2O7. Upon addition of Ga
3+ into the structure, a progressive shift of the diffrac-
tion peaks to increasing 2θ can be seen (Fig. 5-2), indicating a contraction of the unit
cell. This contraction is consistent with Ga 3+ having a much smaller 6-coordinated
ionic radius (0.620 Å) than Ca (1.00 Å) [44] and can been seen in the reduction in all of
the lattice parameters (Fig. 5-3), determined using Rietveld refinement. Another feature
observable as substitution occurs is the gradual change in relative intensities of some of
the diffraction peaks in the patterns as the occupancies of the sites within the structure
vary.
Looking at lattice parameters determined for β-TCP in previous work, values of
a/b=10.439 Å, c=37.375 Å [10], a/b=10.44 Å, c=37.38 Å [11] and a/b=10.4352 Å,
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Figure 5-1 X-ray diffraction patterns of Ga substituted β-tricalcium phos-
phate along with pattern produced by Yashima et al. [24].
c=37.4029 Å [24] have been obtained. Comparing with this work, where the values
obtained are a/b=10.41 Å and c=37.39 Å, the c lattice parameter falls within the range
of given values, whereas the a lattice parameter is seen to be significantly smaller in this
case. The reason for this is unknown but it may mean that the sample in this study is not
phase pure, and instead contains a small amount of impurity substituted into the β-TCP
phase. The lattice parameters obtained for the Ca9Ga(PO4)7 sample can be compared
with those obtained by Golubev et al. [15], where the c lattice parameter is consistent
between the two studies and the a and b lattice parameters being slightly smaller in
this case (10.321 Å here cf. 10.338 Å in [15]). A larger value could be explained by
the additional phases present in the sample, therefore one explanation for the difference
is that the sample produced by Golubev may also be Ga deficient or contain some
impurity.
In order to describe the structures present in these materials more quantitatively,
Rietveld refinement was performed on the diffraction patterns obtained. To begin with,
the patterns were indexed to a β-TCP structure published by Yashima et al. [24] and
initially just the lattice parameters and atomic positions refined. After refinement of
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Figure 5-2 X-ray diffraction patterns of Ga substituted β-tricalcium phos-
phate indicating the region 29 − 37◦, where + represents β-Ca2P2O7 and ∗
represents GaPO4.
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Figure 5-3 Lattice parameters of Ga substituted β-tricalcium phosphate as
determined by Rietveld refinement. Error bars smaller than symbols used.
37
Chapter 5. Ga substitution
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Figure 5-4 Powder x-ray diffraction pattern (·), Rietveld refinement (–),
and difference plot (–) for Ca3(PO4)2.
the atomic positions, occupancies of the Ca sites and isotropic thermal parameters were
also refined.
For the ’pure’ β-TCP sample, the occupancies of the five Ca sites were refined and
resulted in occupancies close to 1 for all but the Ca(4) site which had an occupancy,
slightly higher than predicted, of 0.52 ± 0.01. The fit of this sample can be seen in
Figure 5-4, where it is apparent that some features of the pattern have not been well
reproduced. This difference between fit and data mainly manifests itself as a mismatch
in the asymmetry of some of the diffraction peaks, as illustrated in Figure 5-5, and
indicates a possible problem in the peak shape parameters used. However, there is also
a decrease in intensity of some of the fitted peaks compared with the data, possibly
due to incorrect occupancies or thermal parameters, or even disorder within the system.
Another explanation for the imperfect fit could be that the sample is not phase pure;
given the prevalence of uptake of other ions into β-TCP, it would be easy to assume that
any contaminants along the production route could be accommodated into the structure.
The same procedure was followed for the gallium substituted samples, but in this
case Ga was allowed to freely refine on the Ca sites. For the Ca(1), Ca(2) and Ca(3)
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Figure 5-5 Powder x-ray diffraction pattern (·), Rietveld refinement (–),
and difference plot (–) for Ca3(PO4)2, illustrating peakshape problem en-
countered.
1 0 2 0 3 0 4 0 5 0 6 0 7 02 θ(°)
Figure 5-6 Powder x-ray diffraction pattern (·), Rietveld refinement (–),
and difference plot (–) for Ca9Ga0.2(PO4) 6.2.
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1 0 2 0 3 0 4 0 5 0 6 0 7 02 θ(°)
Figure 5-7 Powder x-ray diffraction pattern (·), Rietveld refinement (–),
and difference plot (–) for Ca9Ga0.4(PO4) 6.4.
1 0 2 0 3 0 4 0 5 0 6 0 7 02 θ(°)
Figure 5-8 Powder x-ray diffraction pattern (·), Rietveld refinement (–),
and difference plot (–) for Ca9Ga0.6(PO4) 6.6.
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1 0 2 0 3 0 4 0 5 0 6 0 7 02 θ(°)
Figure 5-9 Powder x-ray diffraction pattern (·), Rietveld refinement (–),
and difference plot (–) for Ca9Ga0.8(PO4) 6.8.
1 0 2 0 3 0 4 0 5 0 6 0
2 θ(°)
Figure 5-10 Powder x-ray diffraction pattern (·), Rietveld refinement (–),
and difference plot (–) for Ca9Ga(PO4)7.
41
Chapter 5. Ga substitution
Table 5-1 Occupancies of Ca(4) and Ca(5) sites as determined by Rietveld
refinement of x-ray diffraction data.
Expected Observed
Ca(4) Ca(5) Total Total
x Ca(4) +Ca(5) Ca(4) Ca Ga Ca(5) Ca(4)+Ca(5)
0 0.5 1.5 0.524(8) 1 1 1.524
0.2 0.4 1.4 0.484(8) 0.86(16) 0.16(11) 1.02 1.504
0.4 0.3 1.3 0.374(7) 0.75(14) 0.23(9) 0.98 1.354
0.6 0.2 1.2 0.281(7) 0.36(14) 0.54(9) 0.90 1.181
0.8 0.1 1.1 0.210(5) 0.07(9) 0.76(6) 0.83 1.04
1.0 0 1 0.226(9) 0.03(16) 0.80(10) 0.83 1.056
sites the Ga occupancy was 0 and the Ca occupancy was within a few percent of 1 and
consistent with being fully occupied within errors. Because of this, the Ca occupancies
of the Ca(1), Ca(2) and Ca(3) sites were then fixed at 1 to aid the refinement. For the
Ca(4) site the Ga occupancy was again 0 but this time the Ca occupancy decreased from
the initial half occupancy. For the Ca(5) site the Ga occupancy increased with x as the
Ca occupancy decreased, although the total occupancy of the site did begin to deviate
from 1 above x=0.4. Refinements are shown in Figures 5-6 to 5-10, with occupancies
of the Ca(4) and Ca(5) sites shown in Table 5-1, where the occupancies on the Ca(5)
site appear to have considerably larger errors. This may be due again to the lineshape
problems or the considerations mentioned previously in the refinement of the ’pure’
sample and means that the occupancies on the Ca(5) site can really only be used as a
guide, with further information being needed to accurately determine the occupancies.
From the Ca(5) site occupancies it can be seen that, for the most part, the Ga oc-
cupancy is as expected within errors. The main exceptions are the x=0.4 and x=1.0
samples. The obvious cause for the Ga occupancy of the x=1.0 sample being too low is
due to the GaPO4 second phase shown to be present, although this may not fully account
for the discrepancy. The errors on the values do, however, mean that it is impossible to
infer the actual composition of this site. Errors on the Ca(4) site are of an acceptable
level, however the values obtained are again not as expected. There is a trend of de-
creasing Ca occupancy with composition but it does not follow the expected values of
0.5 − x/2. The reason for this could be due to the ways in which the different refined
parameters affect the simulated pattern, with the extra occupancy of the Ca(4) site pos-
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sibly being compensated for by another parameter, such as the Ca(5) site occupancies
being different than expected. The deviation of the fits away from the data could also
explain the unexpected values and the large errors associated with them. What could
also be the case is that, as substitution takes place, Ca is removed from the Ca(5) site in
addition to the Ca(4) site, leaving the Ca(4) site occupancies higher than expected and
lowering the Ca(5) site occupancies.
5.3 Neutron diffraction
5.3.1 Time of flight neutron diffraction
Time of flight neutron diffraction data have been acquired on the GEM diffractometer
for the ’pure’ and x=0.8 samples. Rietveld refinement was performed on the data in
order to extract more information about the structure. The diffraction pattern from
bank 4 for the ’pure’ sample was refined to the structure published by Yashima et al.
[24], with a good fit being obtained after refinement of atomic positions and anisotropic
displacement parameters (Fig. 5-11). However, occupancy of the Ca(4) site was found
to be 0.62 ± 0.08, considerably higher than the expected value and that obtained using
x-ray diffraction. There is some discrepancy between the fit and data at longer TOF,
corresponding to larger d-spacings in the structure. The cause of this may be that there
is some variation in the long range structure, such as disorder of the Ca(4) site vacancies,
which cannot be easily modelled using Rietveld refinement.
For the Ga substituted sample, bank 4 was again used for refinement but in this case
the starting point was the structure produced earlier from the Rietveld refinement of
the x-ray diffraction data. A reasonable fit was produced from this structure, with the
addition of anisotropic displacement parameters further improving it. Atomic positions
and Ca(4) and Ca(5) site occupancies were then allowed to refine independently to
produce the fit seen in Figure 5-11. The simulated pattern can again be seen to fit well
at short TOF but deviates at longer times as in the undoped case. There were some
problems in the refinement of the occupancies, where the Ca(4) site occupancy refined
to 0.99 ± 0.40, much higher than allowed and far from the expected value of 0.1. The
Ca and Ga occupancies of the Ca(5) site refined to the more reasonable 0.11 and 0.78
respectively, closer to the expected values of 0.2 and 0.8. However, in this case, the
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4 6 8 1 0 1 2 1 4 1 6T O F  ( µs )
Figure 5-11 Powder neutron diffraction pattern (·), Rietveld refinement
(–), and difference plot (–) for Ca3(PO4)2 at room temperature taken from
bank 4 of GEM diffractometer.
errors were of the order of 106, suggesting a problem with the software or possibly that
too much information is trying to be extracted from the diffraction pattern.
5.3.2 Total correlation functions
Total correlation functions obtained for the undoped and x=0.8 samples are shown
in Figure 5-13. Peaks in the T (r) plots can be related to their corresponding atom-
atom correlations via the bond valence parameter calculations performed by Brese and
O’Keeffe [14]. In both plots the peak at ∼1.54 Å corresponds to the P–O bonds in the P
tetrahedra. The peak appears narrow and symmetrical, indicating a symmetric and well
ordered environment. The large peak between 2.2 and 2.8 Å covers the majority of the
Ca–O bond lengths along with many of the O–O correlations. This range corresponds
to 6, 7 and 8-coordinated Ca with calculated bond valence parameters of 2.373, 2.431
and 2.480 Å respectively. Due to the number and nature of the Ca sites it is difficult to
infer any more information about the sites. The peak visible around 3.1 Å comes mainly
from the 3 longer Ca–O bonds on the Ca(4) site of 3.12 Å. The additional peak in the
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4 6 8 1 0 1 2 1 4 1 6
T O F  ( µs )
Figure 5-12 Powder neutron diffraction pattern (·), Rietveld refinement
(–), and difference plot (–) for Ca9Ga0.8(PO4) 6.8 at room temperature taken
from bank 4 of GEM diffractometer.
plot for the Ga doped sample is due to Ga–O bonds and appears at ∼1.99 Å, close to the
calculated value of 1.986 Å for 6-coordinated Ga and consistent with Ga substituting
onto the Ca(4) or Ca(5) sites.
5.4 Nuclear magnetic resonance
5.4.1 71Ga nuclear magnetic resonance
71Ga NMR was undertaken on the Ca9Ga0.8(PO4) 6.8 sample by Zhehong Gan on the
820 MHz spectrometer at NHMFL, Tallahassee. The spectrum obtained shows what
appears to be one slightly asymmetric resonance centred around −50 ppm (Fig. 5-14).
This shift is consistent with 6-coordinated Ga, seen to fall in the chemical shift range
−80 to −42 ppm [25, p. 654]. This indicates that Ga is most probably substituting
onto the smaller Ca(4) or Ca(5) sites, however, as they are both 6-coordinated sites it is
impossible to deduce which one. Relatively poor signal to noise ratio means that any
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Figure 5-13 T (r) for Ca3(PO4)2 and Ca9Ga0.8(PO4) 6.8 samples.
other features, such as any broader components to the spectrum or small amounts of
second phase, cannot be identified, if present.
5.4.2 31P nuclear magnetic resonance
31P MAS NMR was undertaken on the 500 MHz spectrometer for the entire range of
samples, with spectra shown in Figure 5-15. The addition of Ga 3+ causes dramatic
changes in the observed spectra showing most noticeably what appears to be a transfer-
ral of intensity from the peaks around 5 ppm to a new set of resonances at approximately
−2 ppm. This change is most likely due to the next-nearest neighbours of the P atoms
changing from Ca on the Ca sites to either Ga or a vacancy. A progressive shift upfield
is also noticeable, indicating increased electronic shielding of the nuclei, possibly due
to the reduction in unit cell volume. Another point of note is that the ’pure’ β-TCP
sample varies distinctly from that published by Jakeman et al. [18], with the spectrum
in this work containing much broader features and a slightly different overall lineshape.
In the sample with the highest gallium content, Ca9Ga(PO4)7, another set of reso-
nances can be seen between −7 and −11 ppm. This sample was run on the 360 MHz
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Figure 5-14 71Ga NMR spectrum of Ca9Ga0.8(PO4) 6.8 sample.
8 6 4 2 0 - 2 - 4
 C a 9 G a ( P O 4 ) 7 C a 9 G a 0 . 8 ( P O 4 ) 6 . 8 C a 9 G a 0 . 6 ( P O 4 ) 6 . 6 C a 9 G a 0 . 4 ( P O 4 ) 6 . 4 C a 9 G a 0 . 2 ( P O 4 ) 6 . 2 C a 3 ( P O 4 ) 2
C h e m i c a l  s h i f t  ( p p m )  w . r . t .  8 5 %  H 3 P O 4
Figure 5-15 31P NMR spectra of Ga substituted β-tricalcium phosphate
normalised to spectrum area.
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Figure 5-16 31P NMR spectra of Ca9Ga(PO4)7 with pulse delays ranging
from 1–300 s.
spectrometer with a range of pulse delays, the results of which can be seen in Figure
5-16. The intensity of this second resonance increases at a slower rate than the β-TCP
resonance, indicating a secondary phase is present. Whereas for β-TCP the intensity
plateaus by a pulse delay of 120 s, the intensity of the second phase appears to increase
even beyond a pulse delay of 300 s. This difference is due to an increased T1 relaxation
time of the secondary phase(s) present in this sample. These resonances represent ∼6 %
of the total intensity and they can be fitted successfully with an ∼3:1 molar ratio of
β-Ca2P2O7:GaPO4 which leads to a composition for the Ga-doped TCP phase of ap-
proximately x=0.93, suggesting that the maximum gallium loading may lie somewhere
around this point. This also suggests that the main phase is likely to be CaO rich (unless
there are additional non-phosphate phases present).
If the Ga 3+ ions are substituted onto the Ca(5) sites, as size considerations suggest,
then this should lead to 3 new resonances appearing due to the division in occupancy of
the Ca(5) site between the Ca 2+ and Ga 3+ ions. This is consistent with the idea that the
Ga 3+ ions are substituted into the Ca(5) sites causing a splitting of the resonances due
to the different occupancies of the Ca(5) sites, along with the splitting already present
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from the partial occupancy of the Ca(4) sites, as described in Section 3.4.2.
Spectra were fitted to a maximum of 8 peaks with mixed Gaussian/Lorentzian line-
shapes being used. As the x=0.8 spectrum appears the most well defined over the entire
lineshape, this spectrum was used as a basis for fitting. The spectrum was initially fit
manually to 8 peaks before letting the software refine the position, intensity, width and
Gaussian/Lorentzian ratio further. Spectra of consecutive samples were fit based on
parameters of the previous sample, with fits being done down to x=0 then back up to
x=0.8 and x=1 for consistency. Peak areas were then calculated and plotted against
composition in order to determine which environment each peak belongs to by com-
paring them with the model produced earlier (Fig. 3-5). Upon assignment of the peaks
the fits of the spectra were then modified slightly in an attempt to bring the peak areas
closer to the expected values without compromising the fits too much. The resulting
modified fits were allowed to refine once more with the final fits shown in Figure 5-17.
The fractional intensities of the fitted peaks are plotted against x in Figure 5-18
where they are compared with the functions predicted by the model. For the x=1.0 sam-
ple the recalculated value of 0.93 is used to account for the additional phases present.
Good agreement to the model is obtained, supporting the idea that Ga is substituting
onto the Ca(5) site with more vacancies appearing on the Ca(4) site. There is some
deviation in places but the complexity of the lineshape makes it impossible to obtain an
unambiguous fit. Peak positions are plotted in Figure 5-19, showing a roughly linear
shift upfield of each of the fitted peaks, further supporting the validity of the fits.
There were, however, some problems in the fitting of the spectrum of ’pure’ β-TCP
(Fig. 5-17), which requires 7 resonances rather than the 5 predicted. The additional
resonances account for ∼3 % of the total intensity of the spectrum, suggesting that the
’pure’ sample may in fact contain some impurity. Assignment of the peaks to the P
environments also differs from those suggested by Jakeman et al. [18], although they
are consistent with the fitting of the Ga substituted spectra. Upon inspection, it ap-
pears impossible to fit the spectrum produced in this work to the simulated fit of Jake-
man (Fig. 5-20), with the 43 % P(3) resonance needing to take up the entire right hand
shoulder of the spectrum in this work. What appears likely is that there is also some
impurity in the sample produced by Jakeman, although greater than the 3 % observed
in this work. This could also explain the differing widths between the β-TCP spectra,
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Figure 5-17 Fits of 31P NMR spectra of Ga substituted β-tricalcium phos-
phate.
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Figure 5-18 Integrated intensities of fitted peaks (solid symbols) against
composition along with proposed substitution model (lines) for gallium sys-
tem.
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Figure 5-19 Peak positions of fitted peaks for Ga substituted β-tricalcium
phosphate.
Figure 5-20 Fit of β-tricalcium phosphate predicted by Jakeman et al. [18].
as substitution into β-TCP does appear to greatly affect the widths of 31P spectra.
5.4.3 43Ca nuclear magnetic resonance
Natural abundance 43Ca MAS NMR was undertaken on the ’pure’ β-TCP sample on
the 850 MHz spectrometer at Warwick and on the Ca9Ga0.4(PO4) 6.4 sample by Zhe-
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Figure 5-21 43Ca NMR spectra of Ca3(PO4)2 and Ca9Ga0.4(PO4) 6.4 sam-
ples, normalised to peak area.
hong Gan on the 820 MHz spectrometer at NHMFL. Spectra are shown in Figure 5-21,
where a noticeable difference can be seen between the resultant lineshapes. The Ga sub-
stituted sample appears broader, more than could be explained by the differing fields,
and suggests that either more variation between the different sites is present or there is
additional disorder in the system in general.
Due to the poor signal obtained and broadness of the lineshapes, spectra were fitted
to a series of Gaussian lineshapes in order to reduce the number of variables involved.
An attempt was made to fit the ’pure’ β-TCP sample to five peaks, with their order
dependent on the average Ca-O bond length of the sites (Sec. 3.4.1) [23], and their
relative intensities as predicted earlier (Tab. 3-3). After manually fitting the spectrum,
the software was allowed to refine the peaks in order to ensure the local maximum in
the fitted intensity had been reached. The fit is shown in Figure 5-22 with details of the
fit in Table 5-2. A reasonable fit has been obtained, even with the poor signal, and is
consistent with the predicted appearance.
The Ca9Ga0.4(PO4) 6.4 sample was then fitted starting with the parameters from the
’pure’ sample. Peaks were then manually adjusted to obtain a better fit before letting the
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Figure 5-22 Fit of 43Ca NMR spectrum of Ca3(PO4)2 sample.
Table 5-2 Fit parameters of 43Ca NMR on Ca3(PO4)2 sample.
Site Peak position Peak width Occupancy % ± 3
ppm ±1 Hz ±50 Predicted Observed
5 15.4 700 9.5 9.0
1 5.5 530 28.6 29.6
2 −1.3 430 28.6 27.1
3 −6.3 600 28.6 27.6
4 −20.5 550 4.7 6.7
software automatically refine the resultant lineshape to further improve the fit (Fig. 5-
23). Details of the fit are shown in table 5-3 where the extra column shows normalised
occupancies modified to account for the proportion of Ca left in the system in an attempt
to compare more easily to the undoped case. Occupancies of the Ca(1), Ca(2) and Ca(3)
sites appear unchanged, with the occupancies of the other two sites suggesting the Ga
is substituting onto the Ca(5) sites as predicted. Actual values for occupancies of the
Ca(4) and Ca(5) sites would be 2.8 % and 5.7 % respectively for Ga substituting onto
the Ca(5) site and more vacancies being present on the Ca(4) site, meaning the values
obtained are consistent within errors.
Comparing the two spectra more closely there is a noticeable move to a more neg-
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Figure 5-23 Fit of 43Ca NMR spectrum of Ca9Ga0.4(PO4) 6.4 sample.
Table 5-3 Fit parameters of 43Ca NMR on Ca9Ga0.4(PO4) 6.4 sample.
Site Peak position Peak width Occupancy % ± 3
ppm ±1 Hz ±50 Undoped Observed Normalised
5 14.1 730 9.5 5 4
1 1.3 710 28.6 30 28
2 −4.9 540 28.6 32 29
3 −14.9 730 28.6 29 27
4 −27.3 590 4.7 4 3
ative chemical shift in the Ga substituted sample. The widths of the fitted peaks in the
spectrum for the Ga substituted sample are also much broader than the undoped spec-
trum, suggesting a larger electric field gradient or possibly some disorder within the
system.
5.5 Summary
Ga appears to readily substitute into β-tricalcium phosphate, with x-ray diffraction pat-
terns of samples produced maintaining the β-TCP structure postulated by Yashima et al.
[24]. Rietveld refinement of x-ray and neutron diffraction patterns suggest that Ga is
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substituting onto the Ca(5) site with the Ca(4) site occupancy decreasing. Large errors
on these values and their deviation from the values predicted mean that more informa-
tion is needed to adequately describe the substitution process. Total correlation func-
tions of the x=0 and x=0.8 samples reinforce this idea, with the Ga substituted sample
showing 6-coordinated Ga present, meaning substitution is taking place on the Ca(4)
or Ca(5) site. 71Ga NMR gives a resonance corresponding again to 6-coordinated Ga,
however it is impossible to determine whether it is on the Ca(4) or Ca(5) site in this
case. 31P NMR gives a series of spectra which can be fitted to the model of substitution
predicted, showing substitution onto the Ca(5) site. Although broad and noisy, the 43Ca
NMR gives a lineshape consistent with substitution onto the Ca(5) site, however the
poor signal to noise ratios mean a definitive answer cannot be obtained.
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6.1 Sample preparation and characterisation
Samples were prepared by final year undergraduate project students Richard Beckett
and Laura Good under the supervision of the author, by grinding together stoichio-
metric amounts of CaH(PO4), CaCO3 and Al2O3 according to the general formula
Ca9Alx(PO4) 6+x with samples of x=0.2, 0.4, 0.6, 0.8 and 1.0 being produced. The
resulting mixture was then heated at a rate of 10 ◦C/min up to 1050 ◦C and held for 4 h.
This was then repeated further times to help ensure phase purity.
6.2 X-ray diffraction
X-ray diffraction patterns of the final firings of the range of samples were obtained as
shown in Figure 6-1. A shift of the diffraction peaks to lower angles is observed initially,
before a progressive shift to increasing 2θ at higher Al content. This shift to lower
angles is not expected since the Al ions have a much smaller 6-coordinated ionic radius
(0.535 Å) compared to Ca (1.00 Å) [44]. This suggests that the Al ions are somehow
distorting the Ca sites rather than being simply accommodated into the structure and
replacing the Ca ions. The shift can be better seen in the enlarged section in Figure 6-2,
where a slight broadening of the diffraction peaks can also be observed, with calculated
full width at half maximum of the main diffraction peaks shown in Figure 6-3. From
Figure 6-2, a small impurity phase is noticeable in the x=0.2 sample. This was identified
as hydroxyapatite (Ca5(PO4)3(OH)), with the x=1.0 sample containing some AlPO4,
visible at ∼21.5◦ in Figure 6-1.
To investigate the broadening further, x-ray diffraction patterns of two different fir-
ings of the x=0.6 and x=0.8 samples were obtained as shown in Figure 6-4. From this,
a dramatic change in the widths of the diffraction peaks can be observed between fir-
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Figure 6-1 X-ray diffraction patterns of Al substituted β-tricalcium phos-
phate, where + represents AlPO4 and ∗ represents hydroxyapatite.
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Figure 6-2 X-ray diffraction patterns of Al substituted β-tricalcium phos-
phate indicating the region 29 − 37◦, where ∗ represents hydroxyapatite.
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Figure 6-3 Full width at half maximum of main diffraction peak from Al
substituted β-tricalcium phosphate.
ings, along with a change in the intensities of some of the diffraction peaks. However,
the peak positions remain constant, implying that the underlying structure is consistent
in each case. This suggests that either there is some disorder present within the struc-
ture, possibly also explaining the unexpected shift in diffraction peaks, or that what is
actually being observed is a mixture of multiple closely related phases.
If what is observed were a result of multiple phases then the areas of the diffraction
peaks should be the same for each firing. This does not appear to be the case and so
there must some amount of disorder present. The difference in the peak widths does
however appear to increase at higher angles, which could indicate some other related
phases are also present, as with peak splitting (i.e. from different lattice parameters)
the difference in angle between corresponding peaks would increase at higher angles,
resulting in what would appear to be wider peaks.
Lattice parameters were obtained by Rietveld refinement of the x-ray diffraction
data and are shown in Figure 6-5. An initial increase in all axes can be seen here,
before the a/b lattice parameters decrease linearly with composition. Things are very
different along the c-axis, with the c lattice parameter following a linear increase until
approximately x=0.5 before decreasing linearly afterwards. This increase may again
be due to some disorder within the system and, if this is the case, suggests that there
is some mechanism increasing the disorder until around x=0.5, where the system then
starts to become more ordered and the unit cell contracts as expected. Comparing the
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Figure 6-4 X-ray diffraction patterns of Ca9Al0.6(PO4) 6.6 (left) and
Ca9Al0.8(PO4) 6.8 (right), showing initial (–) and refired (–) samples.
lattice parameters to work done on Ca9Al(PO4)7 by Golubev et al. [15], the a lattice pa-
rameter of 10.335 Å is reasonably close to the published value of 10.319 Å, especially
considering the AlPO4 second phase present. However, the c parameter here is 37.36 Å,
much greater than the published 37.20 Å. If it is assumed that the samples in the lit-
erature were phase pure and that the lattice parameters are varying linearly, then this
difference is much larger than could be explained by the additional phase present as, if
the Golubev data is used as a reference, the expected composition from the measured
c lattice parameter is a little over x=0.1. A difference in stoichiometry is likely not the
cause since the a lattice parameter is close to the published value. This suggests that
either the Golubev value is wrong or there is some other mechanism affecting the lattice
parameters, probably also causing the broadening issues observed.
Rietveld refinement was then performed on the x-ray diffraction patterns from Fig-
ure 6-1. This was done in a similar way to the previous chapter with the β-TCP struc-
ture published by Yashima et al. [24] being used as a basis. Initially, just the lattice
parameters and atomic positions were refined, before the occupancies of the Ca sites
and isotropic thermal parameters were also refined. The final refinements obtained are
shown in Figures 6-6 to 6-10.
For the Ca(1), Ca(2) and Ca(3) sites, refinement of the occupancies gave values
close to 1 for Ca occupancy and 0 for Al. Because of this, the occupancies of these three
sites were fixed at 1 throughout the rest of the refinement. Both the Ca(4) and Ca(5)
sites showed a decrease in Ca occupancy on the site and an increase in Al occupancy.
This was quite surprising as Al was not expected to be substituting onto the Ca(4) site.
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Figure 6-5 Lattice parameters of Al substituted β-TCP as determined by
Rietveld refinement of x-ray diffraction data. Error bars smaller than symbols
used.
After this, further refinement was performed, with the final occupancies of the Ca(4)
and Ca(5) sites shown in Table 6-1.
What is apparent from this table is that the total occupancy of the Ca(4) and Ca(5)
sites is initially much higher than that of undoped β-TCP, and always greater than ex-
pected from the increased number of vacancies which should be present at higher Al
content. Looking at the individual sites, there is not much change in the Ca occupancy
of the Ca(4) site, although Al occupancy on the site is seen to be present at lower Al con-
tent and decreasing with composition. On the Ca(5) site, the Ca occupancy decreases
erratically from an occupancy close to 1 at x=0.2, with no Al shown to be present ex-
cept in the x=0.4 sample. Part of the reason for this could be due to Al and Ca having
reasonably similar scattering factors, especially considering the complexity of the struc-
ture. However, a more likely explanation is that the disorder or mixed phase problem
is causing large errors to appear in the refinements. Also present is the lineshape issue
identified in the previous chapter which could be further detrimental to the fits.
By examining how the data and fits change with composition it may be possible to
61
Chapter 6. Al substitution
1 0 2 0 3 0 4 0 5 0 6 0 7 02 θ(°)
Figure 6-6 Powder x-ray diffraction pattern (·), Rietveld refinement (–),
and difference plot (–) for Ca9Al0.2(PO4) 6.2.
1 0 2 0 3 0 4 0 5 0 6 0 7 02 θ(°)
Figure 6-7 Powder x-ray diffraction pattern (·), Rietveld refinement (–),
and difference plot (–) for Ca9Al0.4(PO4) 6.4.
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Figure 6-8 Powder x-ray diffraction pattern (·), Rietveld refinement (–),
and difference plot (–) for Ca9Al0.6(PO4) 6.6.
1 0 2 0 3 0 4 0 5 0 6 0 7 02 θ(°)
Figure 6-9 Powder x-ray diffraction pattern (·), Rietveld refinement (–),
and difference plot (–) for Ca9Al0.8(PO4) 6.8.
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Figure 6-10 Powder x-ray diffraction pattern (·), Rietveld refinement (–),
and difference plot (–) for Ca9Al(PO4)7.
Table 6-1 Occupancies of Ca(4) and Ca(5) sites as determined by Rietveld
refinement of x-ray diffraction data. Occupancies are to two decimal places
with errors in parentheses.
Ca(4) Ca(5) Total Theoretical
x Ca Al Ca Al Ca(4)+Ca(5) total
0.2 0.46(11) 0.19(18) 1.02(10) 0.00(16) 1.67 1.4
0.4 0.43(10) 0.08(17) 0.81(10) 0.22(16) 1.54 1.3
0.6 0.45(18) 0.01(31) 0.95(16) 0.01(26) 1.42 1.2
0.8 0.42(11) 0.01(19) 0.91(07) 0.00(12) 1.34 1.1
1.0 0.39(13) 0.01(22) 0.89(08) 0.00(13) 1.29 1.0
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determine the cause of the differences between the observed and calculated patterns.
For the most part, it is thought that either substitutional disorder or a mixture of mul-
tiple slightly different phases are the cause of the mismatch in lineshape and intensity.
Another factor which could cause changes is if there were some distribution in the po-
sition of the Ca(5) site, especially if there is substitutional disorder or multiple phases
also present. The fact that the refined occupancies obtained vary greatly from what is
expected will also have some effect.
If multiple, closely related phases were present then what would be observed is a
contribution from each of those phases. If that is the case here then the phases present
must be very similar, otherwise splitting of the peaks or additional peaks would be
observed. Differences in site occupancy between phases would result in a change in
intensity of some of the diffraction peaks but since this should be a linear change, and
what is observed is an average, then overall the pattern would be unchanged if this is the
only mechanism involved. A variation in lattice parameters would not cause a change
in intensity but would result in the positions of the diffraction peaks of a single phase to
change. Averaged over a sample this would cause a broadening of the peaks, occurring
to a greater extent at larger angles, but with the overall intensity of each peak remaining
constant. The combination of these two effects could result in asymmetric peaks but
with peak intensities the same as for a single phase sample of the average composition.
A distribution of phases of this nature would cause a change in all of the diffraction
peaks present which, by looking at the residuals from Rietveld refinement in Figures
6-6 to 6-10, is obviously not the case here. However, a distribution in atomic positions,
especially if just on a small number of sites, would cause changes to the peaks coming
from the reflections associated with those sites and may not change linearly. This effect
could result in a change in the relative intensities of the peaks but may be very hard to
determine the exact nature.
In order to investigate the effect that a change in atomic position may have on the
diffraction patterns, simulated patterns have been produced based on one of the more
likely sites to change position, the Ca(5) site. The refinement of β-TCP from Figure 5-4
was used as a starting point before varying the fractional z position of the Ca(5) site from
the starting point of 0.7336 for β-TCP down to 0.72, slightly below the lowest measured
for any of the systems. The refinement software was then used to produce the simulated
65
Chapter 6. Al substitution
4 0 4 1 4 2
2 θ( °)
 0 . 7 3 3 6 0 . 7 3 0 . 7 2 5 0 . 7 2 C a 9 A l ( P O 4 ) 7 F i t  o f  C a 9 A l ( P O 4 ) 7
Figure 6-11 Simulated x-ray diffraction diffraction patterns showing the
effect of varying the z-axis position of the Ca(5) site in β-tricalcium phos-
phate, along with collected diffraction pattern and fit of Ca9Al(PO4)7 sample
normalised to unchanged peak.
patterns by fixing all of the parameters, this should give patterns comparable to the rest
of the refinements produced and an enlargement from a section of the simulated patterns
can be seen in Figure 6-11 along with the pattern and fit from the x=1.0 sample.
From this figure is is obvious that varying the position has a distinct, often non-
linear, effect and can cause a change in the relative intensities of the diffraction peaks.
Looking at the peak at 39.38◦ it can be seen that a small change in atomic position can
have a very large effect on the intensity of diffraction peaks resulting from that site. If it
is assumed that the changes in atomic positions result in the same direction of variation
in the peak heights irrespective of other considerations then this must not be the only
factor causing the discrepancies in peak heights in this case as the peaks vary in both
directions, whereas the fit to the x=1.0 pattern is always lower than the collected data in
this region. This mechanism alone could be contributing to the poor fits, however cou-
pled with a mixture of phases, especially one with a distribution in lattice parameters,
the non-linearity of the changes may result in some additional asymmetry appearing in
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Figure 6-12 Simulated x-ray diffraction diffraction patterns showing the
effect of changing the atom on the Ca(5) site in β-tricalcium phosphate.
the patterns.
The other mechanism thought to be causing problems with the fits is substitutional
disorder. This would be disorder in how the ions and vacancies are distributed through-
out the structure, and if disorder were occurring it would cause a reduction in the inten-
sity of reflections involving the disordered sites as the ordering of the structure reduces.
To help visualise what may be happening, a simulation of β-TCP has been produced
with Mg in place of Ca on the Ca(5) site but with everything else remaining the same to
show which peaks would be affected by changes in the occupancy of that site. Since Mg
has the same valence and similar form factor to Al then this should be possible with-
out having to worry about other effects which may be introduced, e.g. due to charge-
balancing vacancies. This is compared with the refinement of β-TCP in Figure 6-12. If
substitutional disorder was present then a decrease in intensity should be observed in
those peaks seen to change under Mg substitution as the lack of order would prevent
the reflections from being observed more strongly.
Bringing this all together it can be seen that there are many mechanisms which
can change the observed patterns, some of which have very similar effects. It may be
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Figure 6-13 Powder neutron diffraction pattern (·), Rietveld refinement
(–), and difference plot (–) for Ca9Al0.2(PO4) 6.2 at room temperature.
possible to determine what exactly is happening from how the patterns differ but in this
case the number of variables involved and the lack of confidence in some aspects of the
refinements would make it very difficult without additional information.
6.3 Neutron diffraction
6.3.1 Time of flight diffraction
Time of flight neutron diffraction data have been acquired on the GEM diffractometer
for the entire range of samples with Rietveld refinement being performed on bank 4
of the data. Good fits were obtained, as shown in Figures 6-13 to 6-17, with the main
variations between data and fit being at longer TOF. As with Ga substitution in the
previous chapter, structures obtained from Rietveld refinement of the x-ray diffraction
patterns were used as a starting point, with these structures being further refined before
anisotropic displacement parameters were added to improve the fits.
After further refinement of the Ca(4) and Ca(5) site occupancies, the values shown
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Figure 6-14 Powder neutron diffraction pattern (·), Rietveld refinement
(–), and difference plot (–) for Ca9Al0.4(PO4) 6.4 at room temperature.
4 6 8 1 0 1 2 1 4 1 6T O F  ( µs )
Figure 6-15 Powder neutron diffraction pattern (·), Rietveld refinement
(–), and difference plot (–) for Ca9Al0.6(PO4) 6.6 at room temperature.
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Figure 6-16 Powder neutron diffraction pattern (·), Rietveld refinement
(–), and difference plot (–) for Ca9Al0.8(PO4) 6.8 at room temperature.
4 6 8 1 0 1 2 1 4 1 6
T O F  ( µs )
Figure 6-17 Powder neutron diffraction pattern (·), Rietveld refinement
(–), and difference plot (–) for Ca9Al(PO4)7 at room temperature.
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Table 6-2 Occupancies of Ca(4) and Ca(5) sites as determined by Rietveld
refinement of neutron diffraction data.
Ca(4) Ca(5) Total Theoretical
x Ca Al Ca Al Ca(4)+Ca(5) total
0.2 0.49 0.24 1.06 0.05 1.84 1.4
0.4 0.44 0.10 0.81 0.23 1.58 1.3
0.6 0.42 0.16 0.95 0.02 1.55 1.2
0.8 0.43 0.02 0.94 0.04 1.43 1.1
1.0 0.42 0.05 0.95 0.09 1.51 1.0
in Table 6-2 were obtained. Much like the XRD data, the values obtained are far from
expected. In this case, the total occupancy of the two sites is almost consistently higher
than that of undoped β-TCP, with the x=0.2 sample reaching a combined occupancy
of 1.84. The actual occupancies of the sites are very similar to those found through
refinement of the XRD data, except in this case there is a larger amount of Al present
on the Ca(4) site and the Al occupancies of the Ca(5) site are also slightly higher. This
suggests that there may actually be Al present on the Ca(4) site, however the errors on
the occupancies are, as in the Ga case, of the order of 106. This, combined with the
unusually high occupancies, makes it difficult to determine exactly how the Al is sub-
stituting onto the Ca sites. As with the XRD, Al and Ca have similar scattering lengths
(3.45 fm for Al cf. 4.70 fm for Ca [45]), making it more difficult to discriminate between
the two cations. The disorder or mixture of phases thought to be present from analysis
of XRD data could also greatly influence the site occupancies, giving the unexpected
values obtained.
6.3.2 Total correlation functions
Total correlation functions were obtained for the range of samples and are shown in
Figure 6-18 alongside that of the ’pure’ β-TCP sample. Looking at these plots, the main
P–O and Ca–O/O–O peaks appear unchanged, which is to be expected as 4-coordinated
to 6-coordinated Al lie within the region 1.76 to 1.91 Å [14]. The main feature visible
between these peaks is an additional broad peak at around 1.92 Å, consistent with 6-
coordinated Al which would be expected on the Ca(4) or Ca(5) sites.
In the x=0.2 sample there is another peak visible at 1.77 Å, at a distance expected for
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Figure 6-18 T (r) for Al substituted β-tricalcium phosphate samples.
4-coordinated Al. No AlPO4 was detected in this sample, however there was hydroxy-
apatite present in the XRD pattern meaning this peak may be a result of the presence
of this phase. There are also other differences between the x=0.2 and other samples,
further suggesting an additional phase may be present.
6.4 Nuclear magnetic resonance
6.4.1 27Al nuclear magnetic resonance
27Al NMR was performed on the whole range of samples with spectra shown in Figure
6-19. An attempt was made to relate the features observed to the samples produced
by referring to work by Mackenzie and Smith [25, p. 273]. The large main peak at
around −10.4 ppm is due to 6 co-ordinated Al in a phosphate environment, as would be
expected for Al on the Ca(4) or Ca(5) sites. The other main peak at 40 ppm corresponds
to 4 co-ordinated Al in a phosphate environment, coming from the AlPO4 second phase
present in the samples. There are also two quite broad features visible, a slightly larger
one present in all samples between 20 and 0 ppm and a less intense one, mostly observed
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Figure 6-19 27Al NMR spectra of Al substituted β-tricalcium phosphate,
normalised to area of central transitions of main peaks. Peak assignments
are those given by Mackenzie and Smith [25, p. 273].
in the lower Al content samples, between 80 and 50 ppm.
The larger peak exists in the region corresponding to either AlO6 or Al(OP)5. This
could be the result of some kind of distortion of the Al environment on either the Ca(4)
or Ca(5) site. Since the Ca(4) site is initially quite distorted, with 3 short bonds and
3 long bonds (Tab. 3-1), if Al were to substitute onto the site it could cause further
disorder or perhaps even distortion into what would appear to be a 5-coordinated site.
This peak is also quite asymmetrical in the lower Al containing samples, suggesting it
is caused by either more than one environment or that the site causing it not symmetric,
leading to a quadrupolar lineshape. The other broad feature corresponds to AlO4(AlO6).
This feature, along with another peak at 15 ppm, is more than likely due to Al within the
rotors used, explaining its prevalence at low Al content where the experiment times were
much longer. Acquiring a spectrum of an empty rotor would confirm this. However the
presence of the additional peaks was only noticed long after the acquisition of the other
spectra.
Areas of the four regions were measured, and the relative intensities of each site
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Figure 6-20 Fractional peak intensities of central transitions from 27Al
NMR spectra of Al substituted β-tricalcium phosphate.
are shown in Figure 6-20. For the 6-coordinated peak, only the central transition was
measured since the sidebands extend beyond the spectral width, meaning that the actual
intensity of that site would be substantially greater. Taking this into account it can
be seen that the 6-coordinated peak is the dominant one present, indicating that most
of the Al is within the standard Ca(4) or Ca(5) sites. The AlPO4 peak is only really
significant in the x=1.0 sample, suggesting that the maximum Al substitution may be
around that point. The relative proportions of the other two peaks present decrease
linearly at similar rates, with the AlO6/Al(OP)5 peak being around twice as large as
the AlO4(AlO6) peak throughout. This may just be coincidence, considering the errors
in measuring the areas of the broad peaks, implying that the AlO4(AlO6) peak may
actually be less intense than shown.
If the Al is indeed substituting onto the Ca(4) site, with ions from this site also
being removed for charge balancing, then what would be expected is an initial increase
in the Al occupancy of the Ca(4) site until it becomes wholly Al at an occupancy of
0.25, before starting to decrease as Al starts to be removed from the site. The fractional
intensity of the ’5-coordinated’ Al peak is not quite that which would be required, but
does show a trend of decreasing intensity with increasing substitution levels.
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Figure 6-21 31P NMR spectra of Al substituted β-tricalcium phosphate.
6.4.2 31P nuclear magnetic resonance
31P MAS NMR was undertaken on the 500 MHz spectrometer for the entire range of
samples with spectra shown in Figure 6-21, alongside the spectrum obtained from the
’pure’ β-TCP sample. Addition of Al into the system appears to cause distinct changes
across the whole of the spectrum. The peak around 0 ppm seems present throughout,
along with some of the features across the left of the spectrum. However, multiple extra
resonances are visible, be they new peaks or some existing ones with more definition.
There also appears to be a slight shift upfield in some of the resonances, although this
may just be due to the intensities of some of the peaks changing relative to each other.
The small extra peak observable at 2.7 ppm in the x=0.2 sample is due to the
hydroxyapatite within the sample, shown to be present from XRD data. The x=0.8
and x=1.0 spectra appear fairly similar, most likely due to the AlPO4 present in the
x=1.0 sample, but the progression in peaks suggests that a true Ca9Al(PO4)7 sample
would just include the resonances present between 1 and −4 ppm, possibly also with
the additional peak at 2 ppm.
In order to fit the spectra, either well defined peaks need to be present or some idea
of the number or distribution of different peaks needs to be known. Neither is true in
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this case as the spectra appear broad and complex and, from all the previous data, the
exact substitution site is not yet known. Two main possibilities exist, either substitution
is taking place on the Ca(5) site, as in the Ga case and discussed in Section 3.4.2, or
there is also Al present on the Ca(4) site (substitution solely onto the Ca(4) site would
require vacancies on the Ca(5) site which contradicts the data obtained and has therefore
been discounted). For substitution onto the Ca(5) site it has been shown that up to 8
peaks would be needed to fit the 31P spectra (Fig. 3-4). For substitution onto the Ca(4)
and Ca(5) sites, and assuming the Ca(5) site remains fully occupied, the distribution of
environments would be similar to the case of substitution onto the Ca(5) site but in this
case the additional presence of Al on the Ca(4) site will cause further splitting of the
environments of the P sites with Ca(4) next nearest neighbours and resulting in up to 11
peaks being required in fitting.
As a result of this, each spectrum was fitted to both 8 and 11 peaks, with the resultant
fits shown in Figure 6-22. The fitting was performed by initially fitting by eye the x=0.2
sample, as that appears to have the most distinct features, before letting the software
refine the fits. The same procedure was then followed for the remaining spectra but the
initial fitting was done to give peaks in similar places to the previous fits. The additional
peak in the 8 peak fit of the x=0.2 sample is to account for the hydroxyapatite present.
Looking closely at the fits, neither method of fitting appears to adequately model
the spectra. It might be expected that the 11 peak fits would produce a superior fit due
to the increased degrees of freedom allowed but that is obviously not the case as with
most spectra both fitting methods give similar fits. The fact that neither method appears
to work suggests that the problems encountered in the previous sections are reoccurring
here. Simple disorder in the systems should cause an increase in the widths of the fitted
peaks, however, distortions of the Ca(4) sites or the presence of multiple phases could
cause many different changes to the spectra. These are uninterpretable without further
details.
6.4.3 43Ca nuclear magnetic resonance
Natural abundance 43Ca NMR was performed on the Ca9Al0.6(PO4) 6.6 and Ca9Al(PO4)7
samples by Dr. Thomas Kemp at Warwick. The Ca9Al0.6(PO4) 6.6 was measured on
the 600 MHz spectrometer, and the Ca9Al(PO4)7 sample on both the 600 MHz and
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Figure 6-22 Fits of 31P NMR spectra of Al substituted β-tricalcium phos-
phate to 8 and 11 peaks.
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Figure 6-23 43Ca NMR spectra of Al substituted β-TCP samples, nor-
malised to peak area.
850 MHz spectrometers. Spectra are shown in Figure 6-23 along with the ’pure’ β-
TCP spectrum. An increase in linewidth at lower fields is the most noticeable feature,
with a shift downfield with increasing Al content and decreasing field also observed.
Comparing the actual lineshapes, the main difference under Al substitution appears to
be a decrease in the right hand side of the peaks, identified as the position of the Ca(4)
peak. Due to the broad nature of the spectra, any changes in the other peaks are difficult
to identify without fitting.
As in the Ga case, the spectra were fitted to five Gaussian lineshapes starting from
the fit of the ’pure’ β-TCP sample (Fig. 5-22). Since substitution is thought to take place
on the Ca(4) and Ca(5) sites, an attempt was made to produce fits that followed this.
However, the combination of poor signal to noise ratios and the intensities of the Ca(4)
and Ca(5) sites being low to begin with made this difficult. The final fits are shown in
Figures 6-24 to 6-26.
From these fits the occupancies were calculated and are shown with other fit pa-
rameters in Tables 6-3 to 6-5. The fits of the spectra from the x=1.0 sample at both
fields show a decrease in the intensity of the peaks associated with the Ca(4) and Ca(5)
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Figure 6-24 Fit of 43Ca NMR spectrum of Ca9Al0.6(PO4) 6.6 sample at
14.1 T.
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Figure 6-25 Fit of 43Ca NMR spectrum of Ca9Al(PO4)7 sample at 14.1 T.
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Figure 6-26 Fit of 43Ca NMR spectrum of Ca9Al(PO4)7 sample at 20 T.
sites as would be expected. Also observed is a decrease in the widths of all 5 peaks at
the higher field. Things are slightly more complicated with the x=0.6 sample, where
the peak from the Ca(2) site is dominant in the spectrum. The intensity of this peak is
far greater than should be allowed, with the increase in intensity coming from the, in
this case much smaller, Ca(3) site peak. This could mean that quadrupolar lineshapes
are needed to fit this spectrum, although doing so would give a far from unambiguous
fit. Alternatively, some form of disorder could again be present around the Ca(4) site,
which would be more apparent for the mid-composition samples, and could potentially
cause disorder within more than just the Ca(4) site, possibly explaining some of the
problems with fitting.
6.5 Summary
Al substituted β-tricalcium phosphate samples have been produced which have been
shown to be, in most cases, phase pure, with the exception of two samples, one of which
contained hydroxyapatite and one, the highest Al containing sample, AlPO4, indicating
that this may be at the substitution limit of the system. Rietveld refinement of x-ray and
neutron diffraction patterns seems to indicate substitution is taking place onto the Ca(4)
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Table 6-3 Fit parameters of 43Ca NMR on Ca9Al0.6(PO4) 6.6 sample at
14.1 T.
Site Peak position Peak width Occupancy % ± 3
ppm ±1 Hz ±50 Undoped Observed Normalised
5 7.9 890 9.5 12 11
1 0.6 830 28.6 27 25
2 −8.8 840 28.6 38 35
3 −24.8 1170 28.6 21 19
4 −37.7 940 4.7 2 2
Table 6-4 Fit parameters of 43Ca NMR on Ca9Al(PO4)7 sample at 14.1 T.
Site Peak position Peak width Occupancy % ± 3
ppm ±1 Hz ±50 Undoped Observed Normalised
5 11.6 960 9.5 6 5
1 −1.2 870 28.6 29 25
2 −11.8 760 28.6 31 26
3 −24.2 1100 28.6 30 26
4 −45.3 870 4.7 4 3
Table 6-5 Fit parameters of 43Ca NMR on Ca9Al(PO4)7 sample at 20 T.
Site Peak position Peak width Occupancy % ± 3
ppm ±1 Hz ±50 Undoped Observed Normalised
5 14.7 770 9.5 4 3
1 3.4 770 28.6 32 27
2 −5.5 620 28.6 33 29
3 −15.0 760 28.6 29 25
4 −25.5 420 4.7 2 1
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or Ca(5) sites. However, the combination of unexpected values for the occupancies,
and peculiar peak shapes, suggest that something more complex may be occurring,
such as disorder within the system or a mixture of similar phases being present. Total
correlation functions do not aid much in the assessment, with only 6-coordinated Al
being observed.
27Al NMR is possibly the most helpful in identifying the state of the Al, with the
main feature being a 6-coordinated resonance corresponding to Al on the Ca(4) or Ca(5)
site. Also present is another large resonance, this time associated with the AlPO4 phase.
However, the most interesting feature is a broad peak between the 4 and 6-coordinated
resonances. The position of this peak is in a region corresponding to either AlO6 or
Al(OP)5 [25] and may be the result of some kind of distortion of one or both of the
6-coordinated Ca sites. Interesting trends can be observed in 31P spectra of the samples
but fitting is difficult without knowing more about how the substitution is taking place.
43Ca NMR spectra show a change in position and width of the lineshape with varying
field, and an attempt can be made to fit them, however the lineshape may be more
complex than initially thought, leading to an unphysical outcome in the fitting of the
x=0.6 sample.
82
Chapter 7
La substitution
7.1 Sample preparation and characterisation
Samples were prepared at Warwick by vacation student Alex Marsden under the super-
vision of the author, by grinding together stoichiometric amounts of CaH(PO4), CaCO3
and La2O3 according to the general formula Ca9Lax(PO4) 6+x with samples of x=0.2,
0.4, 0.6, 0.8 and 1.0 being produced. The resulting mixture was then heated at a rate of
10 ◦C/min up to 1050 ◦C and held for 4 h. This was then repeated further times in an
attempt to produce phase pure samples.
7.2 X-ray diffraction
X-ray diffraction patterns were collected by Alex Marsden for the entire composition
range and are shown in Figure 7-1. The main diffraction peaks appear to shift slightly to
increasing 2θ initially before shifting to a greater extent to smaller angles upon further
La substitution. This appears counter intuitive as it is expected that the larger La ion
(1.16 Å cf. 1.12 Å for Ca, for 8-coordination [44]) would cause an expansion of the unit
cell and thus a shift in the diffraction peaks to decreasing 2θ. Upon closer inspection
(Fig. 7-2), it can be seen that there are additional peaks present in all of the La doped
samples. The main impurity phase was identified as monazite (LaPO4), with the x=0.6
sample additionally containing hydroxyapatite (Ca5(PO4)3(OH)). This implies that at
least some of the La present is not within the β-TCP phase, possibly explaining the
unexpected shifts in the diffraction peaks.
A series of x-ray diffraction patterns were also collected for different length firings
of the x=1.0 sample. These can be seen in Figure 7-3, where, after only 4 hours of
firing, monazite appears to be a major phase. Two more 4 h firings bring the amount
of monazite present down considerably, however, even 123 h of firing is not sufficient
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Figure 7-1 X-ray diffraction patterns of La substituted β-tricalcium phos-
phate, where ∗ represents monazite and + represents hydroxyapatite.
to remove all of the monazite. It is also apparent that, as the proportion of monazite
decreases, the diffraction peaks shift to lower angles. This is consistent with the La
substituting into the β-TCP structure and causing an increase of the unit cell size as
expected.
Lattice parameters, obtained using Rietveld refinement, are shown in Figure 7-4
plotted against compositions calculated in Section 7.4.1. The trend here is not quite as
expected from the observation of the diffraction patterns earlier or from the size of the
substituting La ions. In Figure 7-1, an increase in the observed angle of the diffraction
peaks can be seen initially before the decrease at higher La content, whereas the a/b
and c lattice parameters never drop below the values for the ’pure’ β-TCP sample. This
unexpected trend is most likely due to the ∼0.13◦ difference in the refined zero error of
the La substituted samples compared to the ’pure’ β-TCP sample run several months
earlier, implying that either the diffractometer was not aligned properly or the sample
height was consistently off by a similar amount.
This does not, however, explain the dip in the lattice parameters for the x=0.4 sam-
ple. The most obvious cause for this would be that most of the La present is within the
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Figure 7-2 X-ray diffraction patterns of La substituted β-tricalcium phos-
phate indicating the region 27−37◦ illustrating shift in peak positions, where
∗ represents monazite and + represents hydroxyapatite.
monazite phase but by looking again at the diffraction patterns, the proportion of mon-
azite in the x=0.4 sample appears less than for neighbouring compositions. Another
explanation could be that there are different degrees of ordering within the samples,
possibly causing changes in the sizes of the Ca sites. This is however just speculation
and more information in necessary to determine what actually is happening here.
Comparing the lattice parameters to work done on Ca9La(PO4)7 by Golubev and
Lazoryak [12], the c lattice parameter is the same in each case, with a value of 37.55 Å.
There is however a difference in the a and b lattice parameters, where the slightly
smaller value of 10.456 Å was obtained, compared with 10.492 Å in the study by Gol-
ubev. This is much like in the Ga case, where here a smaller value could be explained
by the additional phases present in sample, meaning again that the sample produced by
Golubev may be La deficient or contain some impurity.
Rietveld refinement was performed on the x-ray diffraction patterns following the
same procedure as in Chapters 4 and 5 with the patterns initially indexed to the β-TCP
structure published by Yashima et al. [24]. Only the lattice parameters and atomic po-
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Figure 7-3 X-ray diffraction patterns of 4 − 123 h firings of Ca9La(PO4)7
indicating the region 16 − 39◦, where ∗ represents monazite.
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Figure 7-4 Lattice parameters of La substituted β-tricalcium phosphate as
determined by Rietveld refinement of x-ray diffraction data. Compositions
used are those calculated in Section 7.4.1. Error bars smaller than symbols
used.
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Figure 7-5 Powder x-ray diffraction pattern (·), Rietveld refinement (–),
and difference plot (–) for Ca9La0.2(PO4) 6.2.
sitions were refined at first before the occupancies of the Ca sites and isotropic thermal
parameters were also refined. Finished refinements are shown in Figures 7-5 to 7-9.
For the refinement of the Ca site occupancies, La was allowed to freely refine on
each Ca site. For the Ca(1) and Ca(2) sites the Ca occupancy was within a couple of
percent of fully occupied with the La occupancy taking values of around 0.1 %. The
Ca(3) site again showed a Ca occupancy of around 1 but in this case the La occupancy
was at least 1 % after the initial refinement of the site. For the Ca(4) and Ca(5) sites the
La occupancy remained at 0 with the Ca occupancy reducing slightly as expected for
the Ca(4) site and staying around 1 for the Ca(5) site. From this it was decided to fix the
Ca(1), Ca(2) and Ca(5) sites to have Ca occupancies of 1 and let the Ca(3) and Ca(4)
sites freely refine with both Ca and La for the Ca(3) site and just Ca for the Ca(4) site.
Structures for monazite and, in the x=0.6 case, hydroxyapatite were added to the
refinement in an attempt to both improve the fit and to identify the proportions of these
phases present. Occupancies of the Ca(4) and Ca(5) sites along with weight percentages
of the additional phases present are shown in Table 7-1. Here we can see that monazite
makes up a fairly large proportion of the samples produced, especially in the lower La
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Figure 7-6 Powder x-ray diffraction pattern (·), Rietveld refinement (–),
and difference plot (–) for Ca9La0.4(PO4) 6.4.
1 0 2 0 3 0 4 0 5 0 6 0 7 02 θ(°)
Figure 7-7 Powder x-ray diffraction pattern (·), Rietveld refinement (–),
and difference plot (–) for Ca9La0.6(PO4) 6.6.
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Figure 7-8 Powder x-ray diffraction pattern (·), Rietveld refinement (–),
and difference plot (–) for Ca9La0.8(PO4) 6.8.
1 0 2 0 3 0 4 0 5 0 6 02 θ(°)
Figure 7-9 Powder x-ray diffraction pattern (·), Rietveld refinement (–),
and difference plot (–) for Ca9La(PO4)7.
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Table 7-1 Occupancies of Ca(3) and Ca(4) sites along with weight percent
of phases present as determined by Rietveld refinement of x-ray diffraction
data, where HA represents hydroxyapatite, Ca5(PO4)3(OH).
Firing Ca(3) wt% phases
x (h) Ca La obs. La exp. Ca(4) β-TCP LaPO4 HA
0.2 12 1.08(15) 0.02(5) 0.07 0.450(9) 97.59(8) 2.41(8)
0.4 12 1.02(15) 0.03(5) 0.13 0.478(9) 98.78(7) 1.22(7)
0.6 16 1.00(17) 0.07(6) 0.20 0.39(1) 91.8(2) 2.36(7) 5.8(2)
0.8 20 1.01(13) 0.05(4) 0.27 0.42(1) 97.23(7) 2.77(7)
1 123 1.00(16) 0.05(5) 0.33 0.38(1) 98.53(9) 1.48(9)
containing samples. The apparently consistent amount of monazite in the samples is
due to the samples with higher La content having longer firing times, which was shown
earlier to improve the phase purity (Fig. 7-3).
Looking at the occupancy of the Ca(3) site, it can be seen that the Ca occupancy is
often higher than allowed and always higher than expected, although there are rather
large errors on these values. La occupancy on the Ca(3) site is, in most cases, very
much lower than expected, even with the quantities of monazite also present. For the
Ca(4) sites, the occupancies are also greater than expected from both the compositions
and the observed La occupancy on the Ca(3) site. These unexpected values could be
due to the lineshape problems mentioned for the other two systems or in this case it may
also be that the proportions of the additional phases present are slightly wrong, leading
to inaccurate fits.
7.3 Neutron diffraction
7.3.1 Time of flight diffraction
Time of flight neutron diffraction data have been acquired on the GEM diffractometer
for the x=1.0 sample with Rietveld refinement being performed on bank 4 of the data. A
good fit was obtained (Fig. 7-10), although there was some variation between data and
fit for some of the peaks at longer TOF. As with the other systems, the structure obtained
from refinement of the x-ray diffraction pattern from the same sample was used as a
basis with anisotropic displacement parameters added to improve the fit. Occupancy of
the Ca(3) site was close to that found using XRD with a Ca occupancy of 0.99 and a
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Figure 7-10 Powder neutron diffraction pattern (·), Rietveld refinement (–
), and difference plot (–) for Ca9La(PO4)7 at room temperature taken from
bank 4 of GEM diffractometer.
La occupancy of 0.05. However, errors in these occupancies were again of the order
of 106, suggesting that, again, there are some problems arising in the software. The Ca
occupancy of the Ca(4) site was much higher than in the XRD case and of that expected,
with a value of 0.64 ± 0.03. Some of this difference in occupancy could be due to the
monazite phase present, where a larger proportion than in the XRD case of 6.55 wt.%
was identified.
7.3.2 Total correlation functions
The total correlation function obtained for the x=1.0 sample is shown in Figure 7-11
alongside that of the ’pure’ β-TCP sample. No additional features appear to be present,
which is as expected since 6-coordinated to 8-coordinated La would lie in the region
2.43 − 2.54 Å [14], within the area covered by the main Ca–O correlations. This also
means that no additional insight may be obtained into the environment of the La ions
from the T (r) plot. La in any monazite present would be 9-coordinated and located
around 2.58 Å, also within the main Ca–O peak. The overall shapes of the peaks in the
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Figure 7-11 T (r) for Ca3(PO4)2 and Ca9La(PO4)7 samples.
two plots appear very similar, indicating that the structure of the La substituted sample
is close to that of the ’pure’ β-TCP.
7.4 Nuclear magnetic resonance
7.4.1 31P nuclear magnetic resonance
31P MAS NMR was undertaken on the 500 MHz spectrometer for the entire range of
samples with spectra shown in Figure 7-12, alongside the spectrum obtained from the
’pure’ β-TCP sample. La substitution appears to cause the peaks between 7 and 3 ppm to
greatly decrease in intensity with new resonances between approximately 0 and −3 ppm
taking their place. The positions of the peaks remain fairly constant throughout the
samples, suggesting that the La has little effect on the P environments unless within
close proximity. The small peak visible in all spectra around −4.5 ppm is due to the
monazite phase present with the sharp peak at 2.8 ppm in the x=0.6 sample being due
to hydroxyapatite.
The x=1.0 sample was run with pulse delays ranging from 1 − 720 s in order to
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Figure 7-12 31P NMR spectra of La substituted β-tricalcium phosphate
normalised to spectrum area.
confirm that the peak at −4.5 ppm is indeed due to an additional phase being present.
Spectra are shown in Figure 7-13, where it is obvious that the additional peak has a
much longer T1. The rest of the spectrum appears to contain no other phases, with an
increase at a consistent rate throughout the spectrum. The β-TCP phase can be seen to
have a shorter T1 than in the Ga case, with the maximum intensity being reached by
approximately 30 s.
From these spectra, an attempt can be made to calculate the T1 of the LaPO4 phase
in order to determine how much LaPO4 is actually present. The fractional intensities
of LaPO4 were calculated for each spectrum, and have been plotted against the pulse
delays in Figure 7-14. An attempt was then made to fit the data to the inverse exponen-
tial function c − exp(−t/T1), as would be expected for the decay of intensity (Eq. 4-6),
where c should give the actual LaPO4 fraction and T1 the longitudinal relaxation time.
In this case a poor fit was obtained. However, fitting to two of these functions gives the
fit shown in Figure 7-14, indicating that some intensity from the main β-TCP phase was
also present in the fits. From the fitted curve, values of 48 ± 7 s and 550 ± 620 s were
obtained for T1 of the two materials. The value obtained for the β-TCP phase is slightly
higher than expected, since from Figure 7-13 it can be seen that the maximum intensity
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Figure 7-13 31P NMR spectra of 16 h firing of Ca9La(PO4)7 with pulse
delays ranging from 1–720 s.
for that phase is reached by around 30 s. The values for the LaPO4 phase seem accept-
able, with the intensity of that peak continuing to increase even above 720 s. However,
there is a very large uncertainty on this value, probably due to large number of variables
compared to the number of data points fitted.
If this fit is assumed to be representative, then the actual proportion of LaPO4 in
the sample is approximately 8 %. From this, the amount of La within the β-TCP, i.e.
x, can be calculated. For Ca9La(PO4)7, we can express this as Ca9(PO4)6 + LaPO4,
where it can now be seen that 1 out of every 7 P atoms is associated with a La atom,
i.e. 14 %. From the value obtained in Figure 7-14, the amount of P in the LaPO4 phase
is 8 %, meaning that 6 % of the total P is associated with La present in the β-TCP.
Now, by dividing the amount of P associated with La in β-TCP by the total amount
of P associated with La (6%/14%) and multiplying by the initial amount of La (1 in
this case), the amount of La within the β-TCP can be calculated, which gives a value
of x=0.43 in this case. By assuming the intensities scale to the same extent in other
samples, values of x can be calculated in a similar fashion. Calculations have been
performed on the 31P spectra with the longest firings for each sample, with values shown
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Figure 7-14 Fractional intensities of LaPO4 peak in
31P NMR spectra of
16 h firing of Ca9La(PO4)7 at a range of pulse delays, along with fit to data.
Table 7-2 Recalculated sample compositions, taking into account LaPO4
present in 31P NMR spectra.
Firing Measured Corrected Recalculated
x time (h) % LaPO4 % LaPO4 x
0.2 12 0.6 1.0 0.14
0.4 12 1.2 2.1 0.27
0.6 16 1.4 2.5 0.43
0.8 33 1.0 1.8 0.68
1 87 1.8 3.1 0.79
in Table 7-2. From these values it can be seen that between 20 and 30 % of the La is
lost to the LaPO4 phase. The monazite present in the samples was thought to account
for the low occupancies obtained from Rietveld refinement of the XRD data, however,
comparing the recalculated values of x with the occupancies in Table 7-1, the refined
occupancies still appear to be much lower than expected.
The effect that the length of firing has on the materials was also investigated, with
spectra from four different length firings of the x=1.0 sample being acquired (Fig. 7-
15). These show a similar trend to that seen in Figure 7-12, with shorter firing times
being analogous to lower La substitution. As the firing time increases the amount of
monazite is reduced, causing a decrease in the peak at −4.5 ppm, with a progression
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Figure 7-15 31P NMR spectra of Ca9La(PO4)7 with a range of firing times
normalised to spectrum area.
in the −1 ppm peak being observed. In this case it is more obvious that there is no
shift in the spectra with increasing La substitution, again suggesting that the La has no
long-range influence on the P sites.
Due to the fairly narrow lineshape some idea of the substitution mechanism is nec-
essary in order to fit the spectra. From the XRD and ND data, it appears that the La is
substituting onto the Ca(3) site. If we now look at the next-nearest neighbours of the P
sites (Fig. 3-3), it can be seen that the P(1), P(2) and P(3) sites have 3, 2 and 2 Ca(3)
sites respectively as next-nearest neighbours. This means that, along with the splitting
of P environments from the half occupied Ca(4) site, there will be additional splitting
occurring when La is present on the Ca(3) site. This could give rise to up to 28 different
peaks which, due to the P–Ca(3) distances being fairly similar, could also be very close
together for similar configurations. Since the spectra are also mostly featureless this
makes fitting almost impossible.
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7.4.2 43Ca nuclear magnetic resonance
Natural abundance 43Ca MAS NMR spectra were obtained for the Ca9La0.4(PO4) 6.4
and the Ca9La0.8(PO4) 6.8 samples on the 600 MHz spectrometer at Warwick, on the
Ca9La0.8(PO4) 6.8 sample on the 850 MHz spectrometer at Warwick and also on the
Ca9La(PO4)7 sample by Zhehong Gan on the 820 MHz spectrometer at NHMFL. Spec-
tra are shown in Figure 7-16 along with the ’pure’ β-TCP spectrum. A slight upfield
shift is noticeable in all of the La substituted samples, which appears to occur to a
greater extent at lower fields. Spectra at lower fields are also much broader, suggesting
that more quadrupolar broadening may be present.
From the x=0.8 spectra obtained at different fields, an estimate of CQ can be made.
The quadrupole induced shift (QIS), in ppm, of the peaks from their true values is given
by
QIS = − 3
40
F(I)
C2Q
ν20
(
1 +
η
3
)
(7-1)
where F(I) is a spin-dependent factor, equal to 5/147 in the I=7/2 case [25]. This
equation can then be rearranged to show how the QIS will vary with field to give
∆QIS =
∣∣∣∣∣∣∣ 340 5147P2Q
 1ν201 − 1ν202

∣∣∣∣∣∣∣ (7-2)
where P2Q = C
2
Q
(
1 + η3
)
. Using the values for ν0 of 40.4 MHz and 57.2 MHz and
the shift in the spectra of ∼5 ppm, a value for PQ of approximately 2.53 MHz. Since
the peaks here are mostly symmetric it can be assumed that η ≈ 0 and therefore CQ ≈
22 MHz. This comparable to CQ for hydroxyapatite of 2.6 MHz [46], where the sites
should be fairly similar to β-tricalcium phosphate.
Due to the broad and noisy nature of the spectra an attempt was made to again fit
them to Gaussian lineshapes. The fit from the ’pure’ β-TCP sample (Fig. 5-22) was used
as a basis for the fitting where, since substitution is thought to be onto the Ca(3) site,
an effort was made to produce fits that followed this criteria before letting the software
refine them. Fits are shown in Figures 7-17 to 7-20, where a good fit to the data has been
obtained in each case. In the x=0.4 sample, the lineshape is similar to that of the ’pure’
β-TCP and there is therefore some ambiguity in the fitting. As the La content increases,
it becomes apparent that the right hand side of the main resonance, the position of the
Ca(3) site peak, is both shifting upfield and reducing in intensity.
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Figure 7-16 43Ca NMR spectra of La substituted β-TCP samples, nor-
malised to peak area.
4 0 2 0 0 - 2 0 - 4 0C h e m i c a l  s h i f t  ( p p m )  w . r . t .  2 M  a q .  C a C l 2
Figure 7-17 Fit of 43Ca NMR spectrum of Ca9La0.4(PO4) 6.4 sample at
14.1 T.
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Figure 7-18 Fit of 43Ca NMR spectrum of Ca9La0.8(PO4) 6.8 sample at
14.1 T.
2 0 0 - 2 0 - 4 0C h e m i c a l  s h i f t  ( p p m )  w . r . t .  2 M  a q .  C a C l 2
Figure 7-19 Fit of 43Ca NMR spectrum of Ca9La0.8(PO4) 6.8 sample at
20 T.
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Figure 7-20 Fit of 43Ca NMR spectrum of Ca9La(PO4)7 sample at 19.3 T.
Table 7-3 Fit parameters of 43Ca NMR on Ca9La0.4(PO4) 6.4 sample at
14.1 T.
Site Peak position Peak width Occupancy % ± 3
ppm ±1 Hz ±50 Undoped Observed Normalised
5 13.6 750 9.5 10 10
1 1.8 790 28.6 30 28
2 -5.0 740 28.6 30 28
3 -12.2 790 28.6 23 21
4 -29.9 720 4.7 6 6
Parameters from the fits are given in Tables 7-3 to 7-6. In general the site occu-
pancies follow the expected behaviour of substitution onto the Ca(3) site, especially on
the x=0.8 sample at 20 T. There are small discrepancies in some of the occupancies
but this could be due to a number of factors such as poor signal to noise ratio, phasing
problems or the monazite additionally present. Due to the difference in field between
samples it is hard to make a comparison between the widths of the fitted peaks. For the
x=0.8 sample there does not appear to be a general trend in linewidth with field, this is
unexpected but understandable because of the poor signal to noise ratio.
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Table 7-4 Fit parameters of 43Ca NMR on Ca9La0.8(PO4) 6.8 sample at
14.1 T.
Site Peak position Peak width Occupancy % ± 3
ppm ±1 Hz ±50 Undoped Observed Normalised
5 1.6 650 9.5 9 8
1 -4.8 610 28.6 28 25
2 -12.3 730 28.6 36 31
3 -23.6 990 28.6 21 18
4 -40.8 780 4.7 7 6
Table 7-5 Fit parameters of 43Ca NMR on Ca9La0.8(PO4) 6.8 sample at
20 T.
Site Peak position Peak width Occupancy % ± 3
ppm ±1 Hz ±50 Undoped Observed Normalised
5 6.3 850 9.5 11 10
1 0.1 610 28.6 30 27
2 -5.8 550 28.6 31 28
3 -16.4 930 28.6 21 19
4 -32.4 760 4.7 6 5
Table 7-6 Fit parameters of 43Ca NMR on Ca9La(PO4)7 sample at 19.3 T.
Site Peak position Peak width Occupancy % ± 3
ppm ±1 Hz ±50 Undoped Observed Normalised
5 4.4 820 9.5 9 7
1 -1.8 610 28.6 32 28
2 -7.4 710 28.6 28 24
3 -21.6 1030 28.6 26 23
4 -41.4 760 4.7 4 4
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7.5 Summary
A series of La substituted samples have been produced which have been shown to have
the β-TCP structure. The synthesis route does, however, lead to formation of other
phases, most notably monazite. These additional phases are seen to decrease with in-
creasing firing times of the samples. Rietveld refinement of x-ray and neutron diffrac-
tion patterns suggests that substitution is taking place onto the Ca(3) site, however the
total occupancies of the Ca(3) and Ca(4) sites are far from the values expected. The to-
tal correlation function produced for the x=1.0 sample gives no additional information,
mostly due to the La–O correlations being within the same region as the main Ca–O
peak. 31P NMR shows a progressive trend in the lineshape obtained but the complexity
of substitution onto the Ca(3) sites means that fitting of the spectra is not practical. 43Ca
NMR gives lineshapes which can be fitted, in some cases almost unambiguously, to that
predicted for substitution onto the Ca(3) site.
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Substitution of other atoms
Several other β-TCP systems have been produced by AWE or by undergraduate students
under the supervision of the author in an attempt to further understand the structure and
substitution mechanisms in the material. The main focus of this work has been on
co-substitution. Systems have been made of β-TCP substituted with both trivalent and
monovalent cations, which should keep the cation site occupancies constant, in order
to determine whether this will affect the stability of the structure under substitution.
Additionally, samples have been made with co-substitution of different trivalent cations
to determine whether the structure remains as predictable as the end members. Three
of the more successful systems are detailed in the sections below.
8.1 Sm substitution
Samples were prepared by Dr. Shirley Fong at AWE by grinding, under acetone, stoi-
chiometric amounts of CaH(PO4), CaCO3 and Sm2O3 according to the general formula
Ca9Smx(PO4) 6+x with samples of x=0.2, 0.4, 0.6, 0.8 and 1.0 being produced. The re-
sulting mixture was then heated at a rate of 10 ◦C/min up to 1050 ◦C and held for 4 h.
This was then repeated a further two times to help ensure phase purity.
8.1.1 X-ray diffraction
X-ray diffraction patterns were taken for the entire composition range and are shown
in Figure 8-1. Patterns appear consistent with the β-TCP pattern, with no additional
phases being present. Positions of the peaks remain mostly unchanged with the most
noticeable difference being a change in intensity of some of the diffraction peaks. This
is unsurprising since Sm has a similar ionic radius to Ca (1.079 Å for Sm cf. 1.12 Å
for Ca [44]) for 8-coordination, but its increased atomic number gives it a much greater
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Figure 8-1 X-ray diffraction patterns of Sm substituted β-tricalcium phos-
phate.
scattering factor.
Lattice parameters were obtained by Rietveld refinement of the x-ray diffraction
patterns and are shown in Figure 8-2. The a and b lattice parameters show little change
with composition, expected from the similar ionic radius of Sm. The c lattice parameter
appears to change erratically, although the variation is only ∼0.01 Å throughout the
whole compositional range. These similar atomic radii may result in little change to the
β-TCP structure.
8.1.2 31P nuclear magnetic resonance
31P MAS NMR spectra were obtained using the 360 MHz spectrometer for the entire
range of samples, including the ’pure’ β-TCP sample, with spectra shown in Figure 8-
3. Due to the paramagnetic nature of Sm, its presence will cause a broadening of the
resonances from any nearby P sites. This is apparent in the spectra, where an increased
Sm content causes a distinct broadening across the lineshapes. The main change in
the lineshapes is from either a decrease in intensity or broadening of the peak located
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Figure 8-2 Lattice parameters of Sm substituted β-tricalcium phosphate
as determined by Rietveld refinement of x-ray diffraction data. Error bars
smaller than symbols used.
around 5 ppm. Also noticeable is a new and very broad set of resonances appearing
between 28 ppm and the main part of the spectrum. These are most likely due to P
sites with Sm next-nearest neighbours, where the proximity of the Sm ions causes a
paramagnetic shift in position and extreme broadening.
From the size of Sm, it would be expected that Sm could substitute onto any of
the Ca sites. However, without having some idea of the site of substitution, fitting
would be difficult even in simpler cases. Even if it is assumed that Sm substitution
takes place onto the Ca(5) site, which would be the simplest case, 8 peaks would be
required. Fitting the spectra obtained to this many peaks cannot be done with any
degree of certainty due to the broadness of the spectra.
8.2 Al/Na co-doped substitution
Samples were prepared at Warwick by vacation student Alex Marsden under the super-
vision of the author, by grinding together stoichiometric amounts of CaH(PO4), CaCO3,
Al2O3 and Na2CO3 according to the general formula Ca3-xAlxNax(PO4)2 with samples
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Figure 8-3 31P NMR spectra of Sm substituted β-tricalcium phosphate nor-
malised to spectrum area.
of x=0.033, 0.066, 0.1, 0.2 and 0.3 being produced. The resulting mixture was then
heated at a rate of 5 ◦C/min up to 1050 ◦C and held for 4 h. This was then repeated
further times in an attempt to produce phase pure samples.
8.2.1 X-ray diffraction
X-ray diffraction patterns were taken for the entire composition range, with the x=0.066,
0.1 and 0.2 samples run on the Bruker D5005, and are all shown in Figure 8-4. The pat-
terns appear to mostly follow the β-TCP structure, however a second phase, identified
as β-Ca2P2O7 is present in most of the samples, with a small amount of AlPO4 also
present in the x=0.2 and 0.3 samples. Since Al is quite small (0.535 Å) and Na (1.02 Å)
is of comparable size to Ca (1.00 Å) for 6-coordination [44], a decrease in unit cell size
would be expected and can be seen here in the increasing angles of the diffraction peaks
with composition.
Basic Rietveld refinement was performed on the patterns in order to determine unit
cell parameters which can be seen in Figure 8-5. From this, the c-axis can be seen to
contract at a roughly linear rate, with the same happening for the a and b axes initially.
However, at some point around x=0.2 the a/b lattice parameters decease drastically
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Figure 8-4 X-ray diffraction patterns of Al/Na substituted β-tricalcium
phosphate, where ∗ represents β-Ca2P2O7 and + represents AlPO4.
from around 10.40 Å to 10.32 Å. This could be due to the sites onto which the cations
are substituting. Work on the Al system, shown in Chapter 6, suggests that Al may
substitute onto both the Ca(4) and Ca(5) sites. Since Na is larger than Al (and also
Ga, shown to substitute onto the Ca(5) site in Chapter 5), it could be expected that the
Na would preferentially substitute onto the Ca(5) site, however, work done by Obadia
et al. [21] suggests that Na substitutes onto the Ca(4) site. Looking at the substitution
levels, any Ca on the Ca(4) site should be fully replaced by Na by x=0.14 and the Ca(4)
and Ca(5) sites should both be fully replaced by Al or Na by x=0.21. The presence
of the AlPO4 second phase suggests that any Al beyond this point is going into this
second phase, with the β-TCP phase becoming more Na rich and potentially changing
the structure. However, these predicted values may be slightly lower than would be
observed due to the monovalent nature of Na. If samples are Al deficient but have the
expected amount of Na, this would mean that more Ca would be needed for charge
balancing in the system.
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Figure 8-5 Lattice parameters of Al/Na substituted β-tricalcium phosphate
as determined by Rietveld refinement of x-ray diffraction data. Error bars
generally smaller than symbols used.
8.2.2 Nuclear magnetic resonance
8.2.2.1 27Al nuclear magnetic resonance
27Al NMR was performed on the range of samples, with area normalised spectra shown
in Figure 8-6. These spectra show similar features to those found in Figure 6-19 for
the β-TCP doped solely with Al. The peak at 40 ppm is due to the AlPO4 second phase
known to be present in the x=0.2 and 0.3 samples, however the change in the lineshape
of this peak between the two spectra is unexpected and may mean a further additional
phase is present or simply a different polymorph of AlPO4. The main peak present
at −10.4 ppm is due to 6-coordinated Al and appears reasonably consistent throughout
most of the spectra. However, in the x=0.3 sample, the width of this peak increases
considerably, possibly indicating some disorder in the site responsible for it. The broad
peak between 20 and 5 ppm is the, not yet fully identified, AlO6 or Al(OP)5 peak dis-
cussed in Section 6.4.1. The intensity of this peak starts to decrease from x=0.2, with
the intensity mostly going into the 4-coordinated peak. The slight change at x=0.2
could be due to Na being taken up onto the Ca(5) site after x=0.14 when the Ca(4) site
108
Chapter 8. Substitution of other atoms
5 0 4 0 3 0 2 0 1 0 0 - 1 0 - 2 0C h e m i c a l  s h i f t  ( p p m )  w . r . t .  A l ( H 2 O ) 3 +6
 C a 2 . 9 3 A l 0 . 0 3 3 N a 0 . 0 3 3 ( P O 4 ) 2 C a 2 . 8 7 A l 0 . 0 6 6 N a 0 . 0 6 6 ( P O 4 ) 2 C a 2 . 8 A l 0 . 1 N a 0 . 1 ( P O 4 ) 2 C a 2 . 6 A l 0 . 2 N a 0 . 2 ( P O 4 ) 2 C a 2 . 4 A l 0 . 3 N a 0 . 3 ( P O 4 ) 2
Figure 8-6 27Al NMR spectra of Al/Na substituted β-tricalcium phosphate
normalised to area of central transitions.
will be full. What also may be happening is that when Ca has been fully replaced in
the Ca(4) and Ca(5) sites at x=0.21, any Al present within the environment causing this
peak is displaced by Na and forced out into the AlPO4 second phase.
8.2.2.2 23Na nuclear magnetic resonance
23Na NMR spectra were obtained for the range of samples and are shown in Figure 8-7,
where the sharp peaks at 7.2 ppm are due to rotors being contaminated with the NaCl
reference. Up until x=0.1, spectra appear identical, suggesting that the Na environments
do not change up to this point. At x=0.2 the spectrum appears more well defined, with
a distinct quadrupolar lineshape, although this could be due to this composition being
above the substitution limit for Na on the Ca(4) site, resulting in an additional peak
from Na on the Ca(5) site. In the x=0.3 sample a drastic change in lineshape can be
seen with the peak appearing to shift downfield and become much broader. This could
actually be due to a new peak appearing, possibly from the environment from which the
Al is being displaced as the substitution limit is reached.
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1 0 0 - 1 0 - 2 0 - 3 0
C h e m i c a l  s h i f t  ( p p m )  w . r . t .  N a C l  s o l n .
 C a 2 . 9 3 A l 0 . 0 3 3 N a 0 . 0 3 3 ( P O 4 ) 2 C a 2 . 8 7 A l 0 . 0 6 6 N a 0 . 0 6 6 ( P O 4 ) 2 C a 2 . 8 A l 0 . 1 N a 0 . 1 ( P O 4 ) 2 C a 2 . 6 A l 0 . 2 N a 0 . 2 ( P O 4 ) 2 C a 2 . 4 A l 0 . 3 N a 0 . 3 ( P O 4 ) 2
Figure 8-7 23Na NMR spectra of Al/Na substituted β-tricalcium phosphate
normalised to spectrum area. Peak at 7.2 ppm due to NaCl contamination and
was not included in normalisation.
8.2.2.3 31P nuclear magnetic resonance
31P NMR was undertaken on the 500 MHz spectrometer for the entire range of samples
with spectra shown in Figure 8-8, alongside the spectrum obtained from the ’pure’ β-
TCP sample. The features between −7 and −10.4 ppm are due to the β-CaP2O7 present
with a small additional peak due to AlPO4 present at −25 ppm but not shown here. Up
until the x=0.1 sample there appears to be a consistent trend in peak development, with
additional resonances appearing at 3.4 and 0.5 ppm and the peak at 4.7 ppm decreasing
in intensity. Above this point, the resonances at 3.4 and 0.5 ppm become dominant on
the left hand side of the spectra with new resonances coming in on the right. Comparing
these with the spectra from the Al substituted β-TCP (Fig. 6-21), it appears that these
features on the right of the co-doped spectra are consistent with the lineshapes from the
high Al content single cation substitution spectra. This further supports the previous
data in suggesting that there are two distinct behaviours being observed, one up until
x=0.1 and a different behaviour somewhere beyond that point, possibly around x=0.14
when the Ca(5) site would be fully replaced if substitution was taking place just on that
site.
110
Chapter 8. Substitution of other atoms
8 6 4 2 0 - 2 - 4 - 6 - 8 - 1 0 - 1 2
 C a 2 . 4 A l 0 . 3 N a 0 . 3 ( P O 4 ) 2 C a 2 . 6 A l 0 . 2 N a 0 . 2 ( P O 4 ) 2 C a 2 . 8 A l 0 . 1 N a 0 . 1 ( P O 4 ) 2 C a 2 . 8 7 A l 0 . 0 6 6 N a 0 . 0 6 6 ( P O 4 ) 2 C a 2 . 9 3 A l 0 . 0 3 3 N a 0 . 0 3 3 ( P O 4 ) 2 C a 3 ( P O 4 ) 2
C h e m i c a l  s h i f t  ( p p m )  w . r . t .  8 5 %  H 3 P O 4
Figure 8-8 31P NMR spectra of Al/Na substituted β-tricalcium phosphate
normalised to spectrum area.
8.3 Al/Ga co-doped substitution
Samples were prepared by final year undergraduate project students Michael Hardy
and Arjun Zala under the supervision of the author, by grinding together stoichiometric
amounts of CaH(PO4), CaCO3, Al2O3 and Ga2O3 according to the general formula
Ca9Al0.8-yGay(PO4) 6.8 with samples of y=0, 0.2, 0.4, 0.6, and 0.8 being produced. The
resulting mixture was then heated at a rate of 10 ◦C/min up to 1050 ◦C and held for 4 h.
This was then repeated further times to help ensure phase purity.
8.3.1 X-ray diffraction
X-ray diffraction patterns were taken for the entire composition range and are shown
in Figure 8-9. AlPO4 is seen to be present in all Al containing samples with Ga2O3
and β-Ca2PO7 also present from the y=0.4 sample and increasing with increasing Ga
content. A shift to increasing 2θ can be observed with increasing Ga content, indicating
a contraction in the unit cell. This is not as would be expected from the sizes of the ions
(0.535 Å for Al cf. 0.620 Å for Ga, in 6-coordination [44]) but is consistent with the
unit cell parameters determined in Sections 5.2 and 6.2.
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Figure 8-9 X-ray diffraction patterns of Al/Ga substituted β-tricalcium
phosphate, where ∗ represents β-Ca2P2O7 and + represents AlPO4.
Lattice parameters were again obtained by Rietveld refinement of the x-ray diffrac-
tion data and are shown in Figure 8-10. They shown a linear trend across the composi-
tion range, suggesting that no major changes to the structure occur under co-substitution.
The values obtained are comparable to those from singly substituted Ga and Al samples
in Chapters 5 and 6, although the unit cell parameters here are slightly higher, probably
due to the additional phases present.
8.3.2 Nuclear magnetic resonance
8.3.2.1 31P nuclear magnetic resonance
31P NMR were obtained for the entire range of samples on the 500 MHz spectrometer
with spectra shown in Figure 8-11. The features present between −7 and −10.4 ppm
are due to the β-CaP2O7 additional phase, which appears to increase with increasing Ga
content, and those present between −24 and −28 ppm being due to the AlPO4 additional
phase, which increase with increasing Al content. The rest of the spectra progress from
a lineshape resembling the x=0.8 lineshape from Figure 5-15 in the fully Ga doped case
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Figure 8-10 Lattice parameters of Al/Ga substituted β-tricalcium phos-
phate as determined by Rietveld refinement of x-ray diffraction data. Error
bars generally smaller than symbols used.
5 0 - 5 - 1 0 - 1 5 - 2 0 - 2 5
 C a 9 G a 0 . 8 ( P O 4 ) 6 . 8 C a 9 A l 0 . 2 G a 0 . 6 ( P O 4 ) 6 . 8 C a 9 A l 0 . 4 G a 0 . 4 ( P O 4 ) 6 . 8 C a 9 A l 0 . 6 G a 0 . 2 ( P O 4 ) 6 . 8 C a 9 A l 0 . 8 ( P O 4 ) 6 . 8
C h e m i c a l  s h i f t  ( p p m )  w . r . t .  8 5 %  H 3 P O 4
Figure 8-11 31P NMR spectra of Al/Ga substituted β-tricalcium phosphate
normalised to spectrum area.
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Figure 8-12 27Al NMR spectra of Al/Ga substituted β-tricalcium phos-
phate normalised to area of central transitions.
to one similar to the x=0.8 lineshape from Figure 6-21 in the fully Al doped sample.
A consistent trend is observed throughout the spectra, further suggesting that no major
changes to the structure are taking place.
8.3.2.2 27Al nuclear magnetic resonance
27Al NMR was performed on the range of samples, with area normalised spectra shown
in Figure 8-12. These spectra have fairly consistent lineshapes, with only slight changes
in relative intensities being observed which seem to occur mostly independent of com-
position. The main peak at −10.4 ppm is from 6-coordinated Al present within the β-
TCP structure, with the peak at 40 ppm being from the 4-coordinated AlPO4, although
showing a more asymmetric lineshape than in previous cases. A feature mostly ab-
sent here is the ’5-coordinated’ Al seen in the other Al containing samples between 20
and 0 ppm. There is a small indication of its presence, about the same as is seen in
the Ca9Al0.8(PO4) 6.8 sample in Figure 6-19. This may mean that the Ga is stabilising
the β-TCP or could indicate that what is being observed is some kind of mixing of the
Ca9Al0.8(PO4) 6.8 and Ca9Ga0.8(PO4) 6.8 samples.
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8.4 Conclusions
Work in this chapter has given a significant insight into less simple substitution into
β-TCP. It has been discovered that substitution of paramagnetic ions, although leaving
XRD patterns unchanged, cause massive broadening to occur in NMR spectra, ren-
dering them almost useless in the determination of site occupancies. The successful
production of co-substituted samples has proven that β-TCP is able to accommodate
multiple cations, with fairly predictable structures being obtained.
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Conclusions and future work
In this chapter comparisons of the different systems are made with respect to the dif-
ferent experimental techniques used. This is followed by a discussion of how this work
relates to previous studies on β-TCP, before giving some suggestions of further work
that could be carried out to improve our understanding of the structure and behaviour
of substituted β-tricalcium phosphate.
9.1 Sample preparation
Samples of β-tricalcium phosphate substituted with Ga, Al, La, Sm and co-substituted
with Al/Na and Al/Ga have all been successfully produced by solid state sintering.
The dominant phase in each of the samples is the intended β-TCP phase, Ca3(PO4)2.
However, at higher substitution levels, additional phases are formed. The most com-
mon secondary phase formed is R 3+PO4, where R
3+ is the substituting trivalent cation,
and is most prevalent in Al containing samples. Other phases occasionally formed
are hydroxyapatite (Ca5(PO4)3(OH)) and β-Ca2P2O7, both calcium phosphate materials
with similar elemental makeup to β-TCP. These additional phases have been shown to
be taken up into the β-TCP structure under further firing of the samples, suggesting that
β-TCP is, in many cases, the most stable phase.
9.2 X-ray diffraction
X-ray diffraction patterns were obtained for all samples produced and have been in-
valuable in determining the phases present within the materials and changes to the pro-
portions of phases present after additional firings. Lattice parameters were determined
from x-ray diffraction data for all of the samples produced, with those from the singly
substituted samples shown together in Figure 9-1. In most cases a linear trend was ob-
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Figure 9-1 Lattice parameters of Ga, Sm, La and Al substituted β-
tricalcium phosphate as determined by Rietveld refinement of x-ray diffrac-
tion data. Error bars smaller than symbols used.
Table 9-1 Metal–oxygen distances of elements used in this study.
Element Mn+–O distance (Å) [14]
Al 1.651
Ga 1.73
Na 1.8
Ca 1.967
Sm 2.088
La 2.172
served in the unit cell parameters, with the change in unit cell size reflecting the size of
the substituting ion compared to Ca 2+ (Tab. 9-1). However, for Al-containing samples
this is not the case; here an initial increase in unit cell parameters is observed before a
large contraction. The reason for this is not, as yet, understood, but probably reflects
the significantly smaller size of Al +3. Also identified in diffraction patterns of these Al
samples, is an increase in the width of the diffraction peaks compared with the ’pure’
β-TCP and other systems.
Rietveld refinement was performed on x-ray diffraction patterns from Ga, Al and
La substituted samples in order to further understand the crystal structures present. An
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indication of the sites onto which substitution is occurring was obtained in each case,
with Ga shown to substitute onto the Ca(5) site, La onto the Ca(3) site and Al onto both
the Ca(4) or Ca(5) sites. With the exception of the Ga case, large differences have been
seen between the actual and expected proportions of Al and La in the samples. There
have also been problems in all cases with the total occupancies of the various sites, and
in the errors of the values obtained for the occupancies. This is due to some features of
the diffraction patterns not being correctly reproduced. The differences between fits and
data have mainly appeared as a mismatch in the asymmetry of some of the diffraction
peaks, indicating a possible problem in the peak shape parameters used. However, a
decrease in intensity of some of the fitted peaks compared with the data obtained has
also be seen, which could account for the unexpected occupancies or may be due to
incorrect thermal parameters or even disorder within the systems.
9.3 Neutron diffraction
9.3.1 Time of flight diffraction
Time of flight neutron diffraction data were collected for the entire range of Al sam-
ples along with the ’pure’ β-TCP, Ca9Ga0.8(PO4) 6.8 and Ca9La(PO4)7 samples. Rietveld
refinement was performed on the data in an attempt to infer more about how the sub-
stitution is taking place. As with the refinement of the XRD data, the occupancies of
the sites were far from expected, being much greater than should be allowed in each
case, and often much higher than the total occupancies of the sites in pure β-TCP. There
were also problems in the assessment of errors on the occupancies, with the software
producing errors of the order of 106. As with the fits of the XRD data, there was some
difference between the fits and the ND data, most noticeably at longer TOF. The cause
of this may be partly due to longer range disorder in the systems, leading to incorrect
assignment of the occupancies.
9.3.2 Total correlation functions
Total correlation functions were produced from the neutron diffraction data, with plots
from each of the systems measured shown in Figure 9-2. Plots appear similar to the
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Figure 9-2 Total correlation functions for Ga, La and Al substituted β-
tricalcium phosphate samples along with ’pure’ β-TCP.
’pure’ β-TCP plot for the Ga and La substituted samples, with only slight variations at
longer distances. The Ga sample also shows a peak around 2 Å due to Ga–O bonds from
6-coordinated Ga, whereas in the La sample any La–O bond lengths would fall under
the main Ca–O/O–O peak. In the Al sample, along with the small peak at 1.91 Å due
to the 6-coordinated Al present, there are also other, more significant, changes to the
plot at longer distances, indicating longer range changes to the structure are occurring
in this case.
9.4 Nuclear magnetic resonance
9.4.1 31P nuclear magnetic resonance
31P NMR has proved to be an invaluable tool in this work, as the P environments seem
extremely sensitive to changes on the nearby Ca sites. 31P NMR has been performed on
all samples produced, and representative spectra from the Ga, Al and La systems, along
with the spectrum from the ’pure’ β-TCP are shown in Figure 9-3. From this, some
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Figure 9-3 31P NMR spectra of Ga, La and Al substituted β-tricalcium
phosphate samples along with ’pure’ β-TCP, normalised to spectrum area.
insight into the effect that substitution of different ions into β-TCP has on the 31P spectra
can be obtained. The smaller Ga and Al ions, known to occupy the smaller and less
abundant Ca(4) and Ca(5) sites, seem to cause new upfield resonances to appear, which
are mostly separate from the main part of the spectrum, and also reduce the intensity
of the downfield part of the spectra. For the larger La ion, shown to substitute onto
the Ca(3) site, spectra seem to show a progression in increasing intensity of the right
hand side of the spectra, although again with a reduction in the downfield resonances.
This consistent reduction in the downfield part of spectra could suggest that resonances
in this region are due to P with a neighbouring Ca(4) site, the resonances from which,
since trivalent substitution requires the presence of more vacancies, would decrease in
intensity upon increasing substitution.
9.4.2 43Ca nuclear magnetic resonance
43Ca NMR, although being the most obvious nucleus to look at, has generally been the
least insightful in this study. Spectra obtained contain broad peaks with considerable
overlap and the poor signal to noise ratios render peak fitting ambiguous. The differing
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fields used show a shift in the spectra and, in some cases, an apparent change in line-
shape, implying different CQ for each site. The fitting that has been undertaken shows
that the spectra can mostly be fitted to the predicted Ca site occupancies with some
confidence. The assignment of the fitted peaks is also shown to follow the trend with
average Ca–O bond length as described by Gervais et al. [23].
9.4.3 27Al nuclear magnetic resonance
27Al NMR on the Al containing samples produces very similar spectra throughout the
systems. Visible in all cases is a peak at −10.4 ppm, corresponding to 6-coordinated
Al and due to Al on one or both of the 6-coordinated Ca(4) and Ca(5) sites. For those
samples with an AlPO4 second phase present, an additional peak at 40 ppm is visible,
and is known to correspond to 4-coordinated Al. The most interesting feature is a broad
peak present between 20 and 5 ppm. This was identified as coming from either an AlO6
or Al(OP)5 environment [25, p. 273], and is thought to be due to a distortion of one of
the Ca sites as Al is substituted onto it.
9.5 Comparison to previous work
Of the systems studied here, limited XRD investigation has previously been performed
on the Ca9M(PO4)7 phases, where M=Ga, Al, La and Na [12, 15, 21]. For the Ga and
La systems, results from the current study are consistent with the proposed substitution
onto the Ca(5) [15] and Ca(3) [12] sites respectively, although a slight difference in
the a and b lattice parameters is observed in each case. For the Al system, a definitive
answer to the site of substitution has not been reached here, although does not discount
the predicted substitution onto the Ca(5) site by Golubev et al. [15]. In this case it
is the a lattice parameter which is close to the published value, whereas the c lattice
parameter is much greater. Little work was done on the Al/Na co-substituted samples
but data obtained suggest that substitution is taking place on the Ca(4) or Ca(5) sites,
consistent with work done by Obadia et al. [21].
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9.6 Future work
From the work presented in this thesis it can be seen that β-tricalcium phosphate readily
incorporates trivalent ions into its structure. This is a promising step into identifying the
suitability of β-TCP as an immobilisation host for radioactive waste. Much more work
would need to be undertaken to determine the maximum waste loadings for combined
substitution but this study could provide a valuable starting point.
This study has mainly focussed on trivalent cations, whereas there are many other el-
ements which could be used and their behaviour observed. Co-substitution work could
be continued, possibly using one ion which substitutes onto one of the larger Ca sites
and one onto the Ca(5) site to identify whether they have any influence on one another
or if substitution takes place independently. The main goal for AWE is to produce a ma-
terial to be used in the immobilisation of radioactive ions, therefore work on radioactive
samples would also need to be done at some point, probably starting from substitution
of a single radioactive cation. Also possible would be increasing the number of ions
substituted into β-TCP, in order to further reflect the required wasteform, in addition to
investigating how the structure behaves and whether any competition effects take place,
as was thought to be happening in the Al/Na co-substituted samples.
Considerable insight has been gained into the structure and substitution mechanisms
of β-TCP in this work, however there are many ways in which more knowledge may be
obtained. For systems where previous work has been done, many of the studies have
included IR or Raman spectroscopy and it could therefore be useful to acquire IR and
Raman spectra of samples used in this work in order to more directly compare the sets
of samples. These would be useful tools in obtaining a better understanding of the local
environments of the atoms and could complement the NMR studies. They may also
indicate why some of the disagreements have arisen, if the samples being compared are
not actually identical as assumed to be.
Another technique which could be of use is reverse Monte Carlo (RMC) modelling,
a technique similar to the Rietveld refinement performed but with the potential to pro-
vide much more information about the structure. The basis of RMC modelling is to
simulate measured data, such as diffraction patterns or total correlation functions, by
calculating them from an arrangement of atoms and refine their positions in order to
obtain a better fit. An advantage of RMC over Rietveld refinement is that RMC does
122
Chapter 9. Conclusions and future work
not need to obey symmetries enforced by space groups and so would be an ideal tool
in modelling the disorder present within the systems. However, in order to produce
reliable fits, a structure consisting of many unit cells is required. If 1000 unit cells were
used, each consisting of around 270 atoms, this would lead to the positions of more than
105 atoms needing to be refined, a feat requiring massive computing power.
The main way to improve the x-ray diffraction data obtained would be to measure
for longer between steps and over a wider angular range, giving improved statistics for
refinement. This could give improved values for the site occupancies and, in particular,
the proportions of additional phases present, to aid in the analysis of samples using
other techniques. It may not, however, improve upon the peakshape obtained within the
refinements and so work could be done to identify the problems arising there.
Refinement of the neutron diffraction data could be made more accurate by utilis-
ing additional banks or combining with x-ray diffraction data to further constrain the
refinements. This was attempted, however, problems with the software used resulted in
consistently diverging refinements and so had to be abandoned due to time constraints.
If the problems could be addressed then this could be a powerful tool for determining
the structure, although would still be susceptible to inaccuracies where disorder is in-
volved. Fitting of the total correlation functions could give an estimate of the proportion
of substituent atoms involved, assuming coordination number from the M–O distance.
For NMR of the samples produced, there are many, more complex, pulse sequences
which can be used to further understand the environments of the nuclei. 2-dimensional
NMR can show correlations between nuclei, with both homonuclear and heteronuclear
techniques being available, often involving the probing of two different nuclei simulta-
neously. One homonuclear technique, known as POST-C7 [47], was attempted on one
of the Ga containing samples. This technique was used to identify spatially close P
atoms within the β-TCP, in order to relate the observed peaks to the P sites involved.
Poor signal to noise ratio and difficulties with establishing the correct acquisition pa-
rameters meant that this technique was not fully explored. Heteronuclear experiments
can be used to show correlations between different nuclei present, i.e. which P environ-
ments are in close proximity to Ga ions, aiding in the assignment of the resonances in
the 31P spectra. Some work has been undertaken at Warwick by PhD student Andrew
Grigg, looking at the Al/Ga co-substituted samples, however the long experimental
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times needed and poor signal to noise ratio obtained mean that no definitive conclu-
sions have yet been drawn. Another, much simpler, method of extending the NMR
study would be to istopically enrich samples with either 43Ca or 17O, to greatly improve
their receptivities. This would require the production of new samples, however the main
problem with this would be the expense in obtaining the isotopically enriched materials.
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Appendix A
Structures obtained from Rietveld
refinement
Table A-1 Structure obtained from XRD data for Ca3(PO4)2.
Rp 6.936 Rwp 10.141 GOF 3.306
a 10.405138(80) c 37.39074(38)
site x y z occ beq
Ca1 0.72437(42) 0.85680(57) 0.16724(24) 1 0.198(98)
Ca2 0.61884(43) 0.82189(64) -0.03310(22) 1 0.42(11)
Ca3 0.72955(33) 0.85325(55) 0.06132(23) 1 1.01(11)
Ca4 0 0 -0.08424(34) 0.614(11) 2.54(44)
Ca5 0 0 0.73384(29) 1 1.64(16)
P1 0 0 0 1 0.71(22)
P2 0.68954(46) 0.86476(73) 0.86896(26) 1 1.05(15)
P3 0.65472(74) 0.84591(80) 0.76597(25) 1 0.97(16)
O1 0.7349(13) -0.0892(13) -0.09214(39) 1 2.24(38)
O2 0.7657(18) 0.7688(16) 0.85679(38) 1 2.43(40)
O3 0.7175(15) 0.0082(13) 0.84707(36) 1 0.04(37)
O4 0.5183(11) 0.7616(19) 0.86386(52) 1 2.18(32)
O5 0.5945(15) -0.0499(13) 0.77999(41) 1 0.81(37)
O6 0.5737(14) 0.6967(13) 0.78510(36) 1 -0.49(29)
O7 0.0831(15) 0.9013(15) 0.77726(35) 1 -0.61(27)
O8 0.63033(94) 0.8307(13) 0.72753(37) 1 0.07(28)
O9 0.0108(14) 0.8602(10) -0.01759(43) 1 3.47(32)
O10 0 0 0.03601(55) 1 1.74(56)
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Table A-2 Structure obtained from XRD data for Ca9Ga0.2(PO4) 6.2.
Rp 6.370 Rwp 9.539 GOF 4.536
a 10.373740(99) c 37.37332(51)
site x y z occ beq
Ca1 0.72488(74) 0.85589(98) 0.16779(51) 1 -0.22(17)
Ca2 0.62155(83) 0.8224(10) -0.03319(46) 1 0.27(19)
Ca3 0.72773(62) 0.85286(95) 0.06096(51) 1 0.29(21)
Ca4 0 0 -0.08334(64) 0.484(8) 0.60(73)
Ca5 0 0 0.73410(50) 0.86(16) 1.33(24)
Ga5 0 0 0.73410(50) 0.16(11) 1.33(24)
P1 0 0 0 1 1.71(53)
P2 0.68487(78) 0.8581(14) 0.86969(53) 1 0.91(30)
P3 0.6528(12) 0.8463(12) 0.76555(51) 1 0.51(32)
O1 0.7393(22) -0.0896(24) -0.09012(85) 1 2.65(71)
O2 0.7602(37) 0.7661(32) 0.85724(73) 1 4.94(87)
O3 0.7209(31) 0.0043(24) 0.84779(77) 1 1.66(76)
O4 0.5112(20) 0.7626(32) 0.86497(92) 1 0.28(49)
O5 0.6032(22) -0.0445(23) 0.78045(70) 1 -0.86(56)
O6 0.5713(20) 0.6941(20) 0.78465(73) 1 -1.63(49)
O7 0.0787(26) 0.8998(24) 0.77512(68) 1 -0.63(53)
O8 0.6284(14) 0.8251(22) 0.72821(75) 1 -1.30(44)
O9 0.0025(26) 0.8545(18) -0.01930(72) 1 4.35(61)
O10 0 0 0.0345(12) 1 3.7(13)
Table A-3 Structure obtained from XRD data for Ca9Ga0.4(PO4) 6.4.
Rp 6.227 Rwp 8.992 GOF 3.686
a 10.353920(96) c 37.33085(49)
site x y z occ beq
Ca1 0.72461(67) 0.8570(10) 0.16718(48) 1 0.20(16)
Ca2 0.62148(82) 0.8255(12) -0.03404(41) 1 0.61(23)
Ca3 0.72413(54) 0.85270(88) 0.06024(44) 1 0.33(19)
Ca4 0 0 -0.08343(78) 0.374(7) 1.09(85)
Ca5 0 0 0.73461(45) 0.75(14) 0.51(22)
Ga5 0 0 0.73461(45) 0.23(9) 0.51(22)
P1 0 0 0 1 2.00(50)
P2 0.68407(81) 0.8592(12) 0.86947(46) 1 0.84(29)
P3 0.6516(12) 0.8464(12) 0.76524(46) 1 0.62(31)
O1 0.7369(21) -0.0865(21) -0.08938(80) 1 2.84(67)
O2 0.7560(33) 0.7713(30) 0.85517(61) 1 2.87(80)
O3 0.7257(28) 0.0037(24) 0.84618(71) 1 1.23(71)
O4 0.5079(18) 0.7598(29) 0.86500(89) 1 0.61(44)
O5 0.6033(23) -0.0461(21) 0.77870(69) 1 -0.35(55)
O6 0.5781(21) 0.6958(24) 0.78393(67) 1 -0.55(57)
O7 0.0770(28) 0.9043(27) 0.77230(77) 1 1.00(53)
O8 0.6283(15) 0.8198(23) 0.72766(66) 1 -1.01(40)
O9 0.0115(24) 0.8597(16) -0.01283(94) 1 3.51(54)
O10 0 0 0.0342(11) 1 3.9(12)
130
Appendix A. Structures obtained from Rietveld refinement
Table A-4 Structure obtained from XRD data for Ca9Ga0.6(PO4) 6.6.
Rp 6.319 Rwp 9.209 GOF 4.541
a 10.331440(93) c 37.23744(48)
site x y z occ beq
Ca1 0.72420(68) 0.8567(11) 0.16647(43) 1 0.42(16)
Ca2 0.62156(78) 0.8248(12) -0.03481(39) 1 0.55(22)
Ca3 0.72248(53) 0.85119(97) 0.05930(41) 1 0.19(19)
Ca4 0 0 -0.0833(10) 0.281(7) 1.4(12)
Ca5 0 0 0.73415(43) 0.36(14) 0.65(20)
Ga5 0 0 0.73415(43) 0.54(9) 0.65(20)
P1 0 0 0 1 1.81(48)
P2 0.68383(80) 0.8573(13) 0.86949(45) 1 1.01(30)
P3 0.6524(11) 0.8457(11) 0.76446(43) 1 0.18(30)
O1 0.7418(20) -0.0840(19) -0.08957(75) 1 2.35(61)
O2 0.7513(36) 0.7642(33) 0.85452(57) 1 3.70(83)
O3 0.7226(28) -0.0017(22) 0.84589(67) 1 1.25(72)
O4 0.5047(19) 0.7591(31) 0.86669(84) 1 0.10(41)
O5 0.6037(21) -0.0448(20) 0.77848(67) 1 -0.71(53)
O6 0.5784(20) 0.6963(22) 0.78373(64) 1 -0.99(52)
O7 0.0743(29) 0.9046(26) 0.77106(68) 1 0.04(52)
O8 0.6281(13) 0.8210(21) 0.72687(61) 1 -1.77(39)
O9 0.0104(24) 0.8599(16) -0.01457(87) 1 3.47(50)
O10 0 0 0.0377(10) 1 4.1(13)
Table A-5 Structure obtained from XRD data for Ca9Ga0.8(PO4) 6.8.
Rp 6.686 Rwp 9.821 GOF 3.010
a 10.322410(70) c 37.19121(36)
site x y z occ beq
Ca1 0.72265(44) 0.85788(67) 0.16690(25) 1 0.845(93)
Ca2 0.61979(42) 0.82396(68) -0.03435(23) 1 0.49(11)
Ca3 0.72158(34) 0.85065(57) 0.06009(23) 1 0.577(94)
Ca4 0 0 -0.0823(10) 0.210(5) 4.0(11)
Ca5 0 0 0.73396(25) 0.07(9) 0.54(10)
Ga5 0 0 0.73396(25) 0.76(6) 0.54(10)
P1 0 0 0 1 1.36(23)
P2 0.68315(48) 0.85611(75) 0.86975(27) 1 0.95(15)
P3 0.65515(66) 0.84656(68) 0.76454(24) 1 0.09(15)
O1 0.7403(12) -0.0863(11) -0.08865(39) 1 1.18(34)
O2 0.7493(19) 0.7603(16) 0.85502(34) 1 1.61(41)
O3 0.7166(16) -0.0023(13) 0.84731(36) 1 1.07(41)
O4 0.5020(12) 0.7570(18) 0.86920(45) 1 0.13(26)
O5 0.6010(14) -0.0478(13) 0.77863(44) 1 0.94(35)
O6 0.5783(13) 0.6943(13) 0.78533(37) 1 -0.58(28)
O7 0.0767(15) 0.9053(14) 0.77222(33) 1 -0.75(27)
O8 0.62596(91) 0.8225(14) 0.72768(34) 1 -0.98(25)
O9 0.0111(14) 0.8608(10) -0.01214(57) 1 3.59(33)
O10 0 0 0.04170(59) 1 2.77(67)
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Table A-6 Structure obtained from XRD data for Ca9Ga(PO4)7.
Rp 6.018 Rwp 9.819 GOF 4.992
a 10.321080(97) c 37.18194(50)
site x y z occ beq
Ca1 0.7229(10) 0.8574(13) 0.16652(67) 1 0.74(20)
Ca2 0.61883(96) 0.8235(16) -0.03405(61) 1 0.14(27)
Ca3 0.72051(78) 0.8504(13) 0.06058(60) 1 0.04(29)
Ca4 0 0 -0.0800(19) 0.226(9) 4.7(24)
Ca5 0 0 0.73364(62) 0.03(16) 0.27(24)
Ga5 0 0 0.73364(62) 0.80(10) 0.27(24)
P1 0 0 0 1 1.49(60)
P2 0.6842(11) 0.8554(19) 0.86928(73) 1 1.02(36)
P3 0.6594(17) 0.8498(13) 0.76469(73) 1 -0.14(39)
O1 0.7397(27) -0.0870(27) -0.08866(91) 1 1.02(76)
O2 0.7477(47) 0.7527(38) 0.85527(72) 1 1.49(93)
O3 0.7216(38) -0.0023(25) 0.84923(78) 1 0.8(10)
O4 0.5004(23) 0.7559(37) 0.87069(94) 1 -1.81(45)
O5 0.5998(27) -0.0467(29) 0.77836(96) 1 -0.45(84)
O6 0.5769(26) 0.6977(26) 0.78664(77) 1 -1.21(65)
O7 0.0744(40) 0.9009(36) 0.77362(72) 1 -0.55(62)
O8 0.6258(19) 0.8197(28) 0.72967(82) 1 -1.34(62)
O9 0.0107(26) 0.8630(18) -0.0127(12) 1 2.70(64)
O10 0 0 0.0406(14) 1 6.0(22)
Table A-7 Structure obtained from XRD data for Ca9Al0.2(PO4) 6.2.
Rp 7.241 Rwp 10.950 GOF 3.186
a 10.430530(78) c 37.42377(35)
site x y z occ beq
Ca1 0.72620(53) 0.85680(73) 0.16779(46) 1 0.25(14)
Ca2 0.62073(68) 0.82345(79) -0.03228(42) 1 0.16(16)
Ca3 0.72959(48) 0.85163(74) 0.06183(44) 1 0.54(17)
Ca4 0 0 -0.08419(53) 0.46(11) 0.30(40)
Al4 0 0 -0.08419(53) 0.19(18) 0.30(40)
Ca5 0 0 0.73365(41) 1.02(10) 1.38(21)
Al5 0 0 0.73365(41) 0.00(16) 1.38(21)
P1 0 0 0 1 2.86(47)
P2 0.68835(68) 0.8646(11) 0.86982(47) 1 2.03(24)
P3 0.6518(10) 0.84168(94) 0.76657(44) 1 0.60(21)
O1 0.7393(17) -0.0870(19) -0.08915(67) 1 3.29(49)
O2 0.7768(24) 0.7810(21) 0.85894(64) 1 5.23(67)
O3 0.7263(20) 0.0063(19) 0.84925(68) 1 2.64(67)
O4 0.5209(14) 0.7565(20) 0.86097(71) 1 0.21(38)
O5 0.5989(17) -0.0446(17) 0.78123(61) 1 -1.36(44)
O6 0.5758(15) 0.6972(15) 0.78629(61) 1 -0.87(42)
O7 0.0728(19) 0.8961(18) 0.77538(57) 1 0.57(40)
O8 0.6326(11) 0.8298(16) 0.72855(60) 1 -1.22(34)
O9 0.0010(19) 0.8572(14) -0.01631(61) 1 3.15(41)
O10 0 0 0.03370(92) 1 4.4(10)
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Table A-8 Structure obtained from XRD data for Ca9Al0.4(PO4) 6.4.
Rp 7.335 Rwp 10.825 GOF 3.135
a 10.40295(11) c 37.45560(47)
site x y z occ beq
Ca1 0.72468(54) 0.85594(75) 0.16762(43) 1 -0.27(15)
Ca2 0.62158(70) 0.82255(94) -0.03308(37) 1 0.29(20)
Ca3 0.72738(47) 0.85275(74) 0.06138(40) 1 -0.08(18)
Ca4 0 0 -0.08822(69) 0.43(10) 0.31(52)
Al4 0 0 -0.08822(69) 0.08(17) 0.31(52)
Ca5 0 0 0.73468(43) 0.81(10) 0.47(22)
Al5 0 0 0.73468(43) 0.22(16) 0.47(22)
P1 0 0 0 1 0.84(47)
P2 0.68743(68) 0.8590(11) 0.86905(43) 1 0.38(23)
P3 0.6512(11) 0.84876(99) 0.76711(39) 1 0.65(26)
O1 0.7323(19) -0.0896(20) -0.09082(67) 1 2.79(60)
O2 0.7764(27) 0.7837(21) 0.85533(56) 1 2.82(63)
O3 0.7219(18) 0.0062(19) 0.84704(58) 1 -0.63(46)
O4 0.5186(15) 0.7656(21) 0.86063(69) 1 1.28(50)
O5 0.5951(20) -0.0526(20) 0.77778(69) 1 0.82(54)
O6 0.5795(18) 0.6926(24) 0.78239(65) 1 0.03(51)
O7 0.0811(22) 0.9035(19) 0.77278(62) 1 0.05(46)
O8 0.6253(13) 0.8240(18) 0.72859(58) 1 -0.77(39)
O9 0.0115(21) 0.8614(15) -0.01398(78) 1 3.03(44)
O10 0 0 0.03102(87) 1 0.68(87)
Table A-9 Structure obtained from XRD data for Ca9Al0.6(PO4) 6.6.
Rp 11.090 Rwp 15.324 GOF 1.141
a 10.37149(19) c 37.45374(84)
site x y z occ beq
Ca1 0.72172(86) 0.8545(12) 0.16668(62) 1 -0.28(23)
Ca2 0.6206(11) 0.8217(17) -0.03390(55) 1 0.36(27)
Ca3 0.72396(76) 0.8523(11) 0.06061(55) 1 0.21(28)
Ca4 0 0 -0.0902(11) 0.45(18) 2.8(11)
Al4 0 0 -0.0902(11) 0.01(31) 2.8(11)
Ca5 0 0 0.73463(69) 0.95(16) 1.72(38)
Al5 0 0 0.73463(69) 0.01(26) 1.72(38)
P1 0 0 0 1 1.58(73)
P2 0.6854(12) 0.8587(17) 0.86935(62) 1 0.46(38)
P3 0.6541(16) 0.8480(17) 0.76641(61) 1 0.82(42)
O1 0.7257(29) -0.0885(29) -0.0913(10) 1 1.97(86)
O2 0.7615(39) 0.7797(36) 0.85431(82) 1 0.42(95)
O3 0.7309(36) 0.0090(36) 0.84495(97) 1 0.73(81)
O4 0.5194(26) 0.7639(40) 0.8609(11) 1 1.33(70)
O5 0.6012(31) -0.0473(29) 0.7766(12) 1 -0.03(77)
O6 0.5785(30) 0.6902(47) 0.7804(10) 1 0.44(85)
O7 0.0827(44) 0.9076(40) 0.7711(10) 1 1.48(79)
O8 0.6225(23) 0.8205(31) 0.72694(93) 1 0.63(62)
O9 0.0160(32) 0.8611(21) -0.0152(12) 1 3.55(70)
O10 0 0 0.0351(13) 1 1.6(18)
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Table A-10 Structure obtained from XRD data for Ca9Al0.8(PO4) 6.8.
Rp 5.851 Rwp 7.876 GOF 2.323
a 10.346550(81) c 37.38878(36)
site x y z occ beq
Ca1 0.72146(49) 0.85613(57) 0.16718(27) 1 -0.11(10)
Ca2 0.62026(62) 0.82180(65) -0.03343(25) 1 0.30(13)
Ca3 0.72528(40) 0.85172(56) 0.06108(25) 1 0.31(14)
Ca4 0 0 -0.09185(53) 0.42(11) 7.33(85)
Al4 0 0 -0.09185(53) 0.01(19) 7.33(85)
Ca5 0 0 0.73403(37) 0.91(7) 1.75(17)
Al5 0 0 0.73403(37) 0.00(12) 1.75(17)
P1 0 0 0 1 0.89(31)
P2 0.68521(55) 0.86000(94) 0.86864(29) 1 1.16(19)
P3 0.65739(85) 0.85014(88) 0.76487(26) 1 0.76(20)
O1 0.7326(16) -0.0894(17) -0.09163(45) 1 1.81(41)
O2 0.7526(21) 0.7616(18) 0.85545(37) 1 2.04(46)
O3 0.7218(18) 0.0037(13) 0.84642(39) 1 0.20(47)
O4 0.5093(15) 0.7535(21) 0.86963(57) 1 1.32(27)
O5 0.5944(18) -0.0505(17) 0.77802(46) 1 0.43(40)
O6 0.5770(13) 0.6967(14) 0.78259(38) 1 -1.79(30)
O7 0.0799(20) 0.9021(18) 0.77670(40) 1 1.10(41)
O8 0.6307(11) 0.8238(16) 0.72746(38) 1 0.57(37)
O9 0.0135(14) 0.85954(93) -0.01748(49) 1 2.83(32)
O10 0 0 0.03895(68) 1 0.84(83)
Table A-11 Structure obtained from XRD data for Ca9Al(PO4)7.
Rp 5.726 Rwp 8.395 GOF 2.590
a 10.334520(95) c 37.35701(42)
site x y z occ beq
Ca1 0.72205(58) 0.85573(66) 0.16681(30) 1 -0.02(12)
Ca2 0.62119(71) 0.82143(75) -0.03363(27) 1 0.40(14)
Ca3 0.72493(44) 0.85079(67) 0.06087(29) 1 0.48(17)
Ca4 0 0 -0.09291(67) 0.39(13) 8.6(11)
Al4 0 0 -0.09291(67) 0.01(22) 8.6(11)
Ca5 0 0 0.73394(44) 0.89(8) 1.85(20)
Al5 0 0 0.73394(44) 0.00(13) 1.85(20)
P1 0 0 0 1 0.89(36)
P2 0.68512(62) 0.8598(11) 0.86880(32) 1 1.12(22)
P3 0.65924(99) 0.8500(11) 0.76512(30) 1 1.15(23)
O1 0.7321(17) -0.0892(18) -0.09214(51) 1 1.84(47)
O2 0.7507(23) 0.7607(20) 0.85502(41) 1 1.11(50)
O3 0.7250(20) 0.0020(16) 0.84562(46) 1 0.94(53)
O4 0.5094(16) 0.7529(22) 0.86941(68) 1 1.24(31)
O5 0.5966(18) -0.0491(18) 0.77836(51) 1 0.06(44)
O6 0.5771(15) 0.6971(17) 0.78201(45) 1 -0.92(36)
O7 0.0782(25) 0.9021(22) 0.77486(53) 1 2.09(48)
O8 0.6308(13) 0.8245(19) 0.72747(45) 1 1.09(43)
O9 0.0115(15) 0.85934(98) -0.01867(52) 1 2.10(34)
O10 0 0 0.03952(73) 1 -0.09(88)
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Table A-12 Structure obtained from XRD data for Ca9La0.2(PO4) 6.2.
Rp 7.600 Rwp 10.370 GOF 1.727
a 10.421360(90) c 37.44514(46)
site x y z occ beq
Ca1 0.7270(33) 0.8591(38) 0.1667(22) 1 -0.23(87)
Ca2 0.6196(35) 0.8211(44) -0.0332(21) 1 0.26(81)
Ca3 0.7265(25) 0.8556(37) 0.0616(22) 1.08(15) 1.18(84)
La3 0.7265(25) 0.8556(37) 0.0616(22) 0.02(5) 1.18(84)
Ca4 0 0 -0.0829(34) 0.450(90) 0.450(9)
Ca5 0 0 0.7325(22) 1 1.4(14)
P1 0 0 0 1 1.5(23)
P2 0.6851(34) 0.8619(58) 0.8688(24) 1 1.1(13)
P3 0.6570(64) 0.8480(69) 0.7661(23) 1 0.9(13)
O1 0.734(10) -0.093(11) -0.0960(31) 1 1.7(28)
O2 0.755(13) 0.763(12) 0.8614(31) 1 3.3(30)
O3 0.7084(93) 0.0101(80) 0.8497(29) 1 -1.1(30)
O4 0.5123(88) 0.751(14) 0.8699(41) 1 3.0(21)
O5 0.587(12) -0.055(11) 0.7846(27) 1 1.3(32)
O6 0.5806(91) 0.6945(89) 0.7859(27) 1 -1.1(25)
O7 0.083(10) 0.8968(96) 0.7811(24) 1 -1.7(19)
O8 0.6356(68) 0.8358(81) 0.7287(32) 1 -1.7(20)
O9 0.0122(97) 0.8647(75) -0.0194(28) 1 3.2(27)
O10 0 0 0.0368(42) 1 1.6(48)
Table A-13 Structure obtained from XRD data for Ca9La0.4(PO4) 6.4.
Rp 7.811 Rwp 10.682 GOF 1.786
a 10.41694(10) c 37.42375(50)
site x y z occ beq
Ca1 0.72813(75) 0.85966(98) 0.16718(61) 1 -0.15(20)
Ca2 0.62114(92) 0.8232(11) -0.03336(56) 1 -0.14(19)
Ca3 0.72758(59) 0.85450(95) 0.06161(61) 1.02(15) 1.09(21)
La3 0.72758(59) 0.85450(95) 0.06161(61) 0.03(5) 1.09(21)
Ca4 0 0 -0.08309(70) 0.478(86) -1.35(62)
Ca5 0 0 0.73274(59) 1 1.48(32)
P1 0 0 0 1 2.36(65)
P2 0.68749(82) 0.8648(14) 0.86904(62) 1 1.68(34)
P3 0.6557(15) 0.8455(15) 0.76570(61) 1 0.75(30)
O1 0.7370(25) -0.0931(30) -0.09219(97) 1 3.47(80)
O2 0.7586(33) 0.7667(33) 0.85996(85) 1 3.91(86)
O3 0.7127(33) 0.0074(24) 0.84937(92) 1 1.7(10)
O4 0.5129(21) 0.7548(35) 0.8676(11) 1 2.35(47)
O5 0.5931(30) -0.0482(26) 0.78199(74) 1 -1.17(65)
O6 0.5754(23) 0.6964(20) 0.78646(71) 1 -0.90(60)
O7 0.0814(26) 0.8988(26) 0.77976(68) 1 -0.29(58)
O8 0.6350(15) 0.8363(20) 0.72922(83) 1 -2.49(48)
O9 0.0065(24) 0.8608(19) -0.01660(79) 1 3.83(63)
O10 0 0 0.0348(12) 1 2.7(13)
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Table A-14 Structure obtained from XRD data for Ca9La0.6(PO4) 6.6.
Rp 7.529 Rwp 10.375 GOF 1.741
a 10.42765(13) c 37.47960(65)
site x y z occ beq
Ca1 0.7284(10) 0.8644(10) 0.16983(80) 1 0.54(24)
Ca2 0.61882(97) 0.8206(12) -0.03100(75) 1 -0.73(20)
Ca3 0.72364(79) 0.8566(12) 0.06346(83) 1.00(17) 2.01(27)
La3 0.72364(79) 0.8566(12) 0.06346(83) 0.07(6) 2.01(27)
Ca4 0 0 -0.0775(13) 0.393(10) 0.4(12)
Ca5 0 0 0.73199(77) 1 2.71(45)
P1 0 0 0 1 2.85(82)
P2 0.68454(96) 0.8591(17) 0.87165(79) 1 1.07(41)
P3 0.6607(22) 0.8505(22) 0.76817(79) 1 1.77(42)
O1 0.7464(27) -0.0911(39) -0.0943(11) 1 3.6(11)
O2 0.7324(39) 0.7461(42) 0.8632(12) 1 3.76(99)
O3 0.7067(38) 0.0040(29) 0.8486(12) 1 2.1(12)
O4 0.5106(31) 0.7541(54) 0.8752(13) 1 4.73(67)
O5 0.5861(37) -0.0482(31) 0.7854(11) 1 2.2(10)
O6 0.5767(23) 0.6916(22) 0.78894(95) 1 -2.51(61)
O7 0.0843(25) 0.9022(28) 0.78219(77) 1 -1.82(58)
O8 0.6402(19) 0.8325(27) 0.7307(12) 1 -2.51(60)
O9 0.0034(24) 0.8594(20) -0.02137(95) 1 2.64(86)
O10 0 0 0.0452(17) 1 5.2(21)
Table A-15 Structure obtained from XRD data for Ca9La0.8(PO4) 6.8.
Rp 7.273 Rwp 9.754 GOF 1.645
a 10.44007(11) c 37.49524(55)
site x y z occ beq
Ca1 0.72750(84) 0.8559(14) 0.16690(64) 1 0.67(23)
Ca2 0.61838(91) 0.8168(12) -0.03303(59) 1 -0.20(20)
Ca3 0.72190(62) 0.8563(10) 0.06053(61) 1.02(13) 0.77(22)
La3 0.72190(62) 0.8563(10) 0.06053(61) 0.05(4) 0.77(22)
Ca4 0 0 -0.0888(12) 0.419(10) 4.9(13)
Ca5 0 0 0.72986(56) 1 1.21(32)
P1 0 0 0 1 2.17(65)
P2 0.68747(87) 0.8657(17) 0.86646(58) 1 1.81(36)
P3 0.6685(18) 0.8403(21) 0.76350(57) 1 1.34(31)
O1 0.7322(28) -0.0907(30) -0.09324(93) 1 3.68(82)
O2 0.7515(35) 0.7503(36) 0.8569(10) 1 4.3(10)
O3 0.7131(30) 0.0098(26) 0.8469(11) 1 0.35(95)
O4 0.5139(22) 0.7522(50) 0.8649(12) 1 3.07(58)
O5 0.5830(35) -0.0596(34) 0.77949(95) 1 0.89(95)
O6 0.5796(25) 0.6941(20) 0.78387(76) 1 -2.24(60)
O7 0.0878(29) 0.8998(30) 0.77640(69) 1 -1.28(55)
O8 0.6405(18) 0.8367(25) 0.72778(91) 1 -1.04(62)
O9 0.0192(26) 0.8649(20) -0.01873(93) 1 4.20(74)
O10 0 0 0.0372(11) 1 1.5(14)
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Table A-16 Structure obtained from XRD data for Ca9La(PO4)7.
Rp 6.990 Rwp 9.508 GOF 2.125
a 10.45639(13) c 37.54755(64)
site x y z occ beq
Ca1 0.7249(12) 0.8499(18) 0.16816(98) 1 0.59(34)
Ca2 0.6170(11) 0.8105(17) -0.03106(84) 1 -0.95(28)
Ca3 0.71554(97) 0.8578(14) 0.06142(86) 1.00(16) 0.31(30)
La3 0.71554(97) 0.8578(14) 0.06142(86) 0.05(5) 0.31(30)
Ca4 0 0 -0.0871(18) 0.381(11) 4.8(19)
Ca5 0 0 0.72930(73) 1 0.35(39)
P1 0 0 0 1 1.75(83)
P2 0.6872(12) 0.8660(24) 0.86593(89) 1 0.57(44)
P3 0.6768(25) 0.8449(26) 0.76322(77) 1 2.34(50)
O1 0.7372(30) -0.0936(44) -0.0957(12) 1 2.59(93)
O2 0.7585(40) 0.7474(40) 0.8588(13) 1 1.1(10)
O3 0.7163(39) 0.0131(36) 0.8463(15) 1 1.1(14)
O4 0.5191(32) 0.7584(64) 0.8621(16) 1 1.80(95)
O5 0.5899(44) -0.0715(47) 0.7816(13) 1 1.1(15)
O6 0.5873(35) 0.6867(31) 0.7851(11) 1 -2.3(10)
O7 0.0965(61) 0.9002(60) 0.7763(10) 1 -0.51(87)
O8 0.6444(23) 0.8237(45) 0.7279(14) 1 1.04(97)
O9 0.0290(39) 0.8620(29) -0.0209(12) 1 4.61(98)
O10 0 0 0.0347(17) 1 2.7(17)
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Appendix A. Structures obtained from Rietveld refinement
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Appendix A. Structures obtained from Rietveld refinement
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